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Two new diphosphorus compounds, difluorothiophosphoryl- 
u-thiobis (trifluoromethy1) phosphine and bis (trifluoromethy1) - 
thiophosphory1l-y-thiodifluorophosphine have been shown by 
nmr and chemical studies to adopt a structure wherein one 
phosphorus atom is trivalent and the other is pentavalent. 
The second of these compounds shows temperature dependent 
behaviour in its nmr spectrum which is consistent with an 
intermolecular exchange process of undetermined molecularity. 
This type of mechanism has been substantiated by chemical 
exchange studies. 

The new compound fluoro (trifluoromethyl) dithiophosphin- 
ic acid has been prepared. This compound and CF (F) PN(CH,) 5 
have facilitated the completion of the series of fluoro and 
trifluoromethyl substituted thiophosphoryl-y-thiophosphines. 
The nmr spectra of these compounds have, in most cases, been 
fully analysed and the presence of an asymmetric phosphorus 
atom in these molecules has permitted the measurement of 
geminal F-F and CF,-CF coupling constants for groups joined 
to phosphorus. Two asymmetric centres in one molecule are 
observed in fluoro(trifluoromethyl1) thiophosphoryl-yu-thio 
fluoro (trifluoromethyl) phosphine which is found to exist as 
an unseparated mixture of two racemates. Systematic varia- 
tions in the nmr parameters for all members of this series 
have been rationalized by considering electronegativity and 


wt bonding effects of the substituents on these molecules. 
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Attempts to prepare trifluoromethyl-iodo-phosphines 
from Pot, and CF,1 were unsuccessful but led to convenient 
methods of increasing the degree of trifluoromethyl sub- 
stitution of phosphines from one or two to three. These 
methods have also yielded a convenient synthetic route to 
(CF) ,PCH, from which a new five coordinate phosphorane 
(CF) >P(CH,)Cl, and a new thiophosphoryl compound 
(CF,) ,P(S) CH, have been derived. The anionic species result- 
ing from the hydrolysis of (CF,)PCH,, (CF,),P(S)CH,, 


(CF PSP(CF,). and (CF,) ,POP (CF), have been observed in 


3)2 
the nmr. 
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CHAPTER 1 


INTRODUCTION 


The chemistry of compounds of phosphorus containing 
highly electronegative groups has received much attention 
in the past 20-30 years. Although the simple fluorides 


PF, PF,, OPF 3, and SPF, were prepared prior to 1900, it 


3 
was many years before there was any further activity in the 
field. One of the major reasons for the increased interest 
was the discovery of the so-called nerve gases in the 
1930's which were found to inhibit the enzyme cholinester- 
ase. These organophosphorus fluorides were synthesized 

in great number for their military application and also 
added impetus to further study of phosphorus fluorides. 

In 1953, it was found that the recently prepared CF 31 2 
reacted with elemental puaeonerus at elevated temperatures 
to give trivalent phosphorus compounds substituted with 
trifluoromethyl groups.” This grouping has an electro- 
negativity somewhere between those of fluorine and chlor- 
inela The trifluoromethyl group has the benefit of 
remaining attached to phosphorus and not migrating as the 
simple halides dots Since that time, many new compounds 

of phosphorus containing fluorine and trifluoromethyl 
groups have been prepared. An extensive review of the 
chemistry of the fluoro compounds has been presented by 


Schmutzier sin 1965 Ls and the trifluoromethyl compounds 
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have been reviewed somewhat less completely as recently as 
16 GenS References to specific aspects of phosphorus 
chemistry will be presented in the course of the text. 

The rationale for the study of these types of com- 
pounds lies in their dissimilarity to classical organophos- 
phorus species. An important synthetic route in organo- 
phosphorus chemistry is the Arbuzov reactionts This 


involves reactions of a trialkylphosphite or dialkylphos- 


phonite with an alkyl halide according to equation l. 


(RO Ds OR UK RO Pi eR) a TRO EP + RX 
3 3 2 


4X 


(1) 


Here the trivalent phosphorus is oxidized to its pentavalent 
phosphine oxide analog, with elimination of an alkyl group 
from the phosphite or phosphonite starting material as RX 
and formation of a bond from phosphorus to the alkyl group 
of R'X. Burg gives several examples in the trifluoromethyl 
systems where the Arbuzov reaction is not observed. Heating 
(CF,) ,P (OBu) with CH31 resulted in oxidation of the 
phosphorus but no methyl groups were attached; a non- 
Arbuzov reaction. Griffiths and Burg have also reported 
"anti-Arbuzov" psi taeatets in the attempted synthesis of 


) 


(CF,)5P(0)H. Although it is thought that the desired 


compound was initially formed, it was necessary to postulate 
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a rearrangement in which P was reduced to P in order 


to explain the formation of (CF) ,POH. Also obtained were 
(CF,) PH and (CF,)P(0)OH, presumably due to a mutual oxi- 


dation reduction reaction. 


(CF,),P(0)H ———_ (CF) POH (2) 


ZACH P (O) OH 


P(O) He (CE) CPA + (CE 
ane (3) 


3)2 3)2 


The disproportionation reaction is the only reaction which 


the methyl analogue undergoes. ” 


(CH,)P(0)H ——> (CH,) ,PH . (CH) 5P (0) OH (4) 


This work has been substantiated and extended by others and 


it is now well established that the trifluoromethyl com- 
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pounds (CF) ,POH and (CF) ,PSH exist, only in the tri- 


valent phosphorus form whereas alkyl and phenyl phosphinic 


acids exist exclusively in the RoP(0)H a form. 


When joined to phosphorus, both CF, and F, because of 


3 


their very high electronegativities, are thought to 
contract and lower the energy of the phosphorus 3d orbitals 


Dyke In general 3d 


making them available for bonding. 
orbitals are not available for bonding in organophosphorus 
compounds and this perhaps explains the non-existence of 
PH, and the existence of PF, in both of which d orbitals 
are thought to be necessary. The poor Lewis base character 


of the fluoro and trifluoromethyl derivatives of phosphorus 


(&) HO), + HIT, i. 33} 
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in contrast to their organophosphine counterparts : is also 
the result of the high electronegativity of these substitu- 
encs. 

Another feature of the fluoro and trifluoromethyl 
compounds of phosphorus which makes them attractive for 
study is their generally high volatility. Since many of the 
systems, especially the trivalent phosphines with CF, 
groups attached, are rapidly oxidized by air and hydrolysed 
by moisture 7 they must be handled using standard high 
vacuum techniques. 

The presence of phosphorus and fluorine atoms, both 
of which have nuclear spins of 1/2, permits nmr studies of 
these compounds. Although oe ace and ty are all present 
in essentially 100% natural abundance, the sensitivity of 


the nmr technique is 6% for oye and 83% for os compared to 


100% for eg due to the different magnetogyric ratios for 


the three miclei..* Nmr spectra of the Sig nucleus have 


long been easily obtainable in these compounds but eae 
spectra have generally only been obtained with some diffi- 
culty due to the low sensitivity of this nucleus and the 
extensive splitting it suffers due to coupling with other 
Magnetic nuclei in the molecule. Recently the availability 
of Fourier transform nmr spectroscopy ns has allowed 
measurement of ig spectra by high quality from small 


samples of these compounds where extensive splitting causes 


the spectrum to span a large frequency range. Another 
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advance has been the development of nmr instruments which 
can be locked on a nucleus different from the one being 
observed. Lock systems, both homonuclear and heteronuclear, 
are used to stabilize the magnetic field of the spectrometer 
over the period of time required for the nmr experiment. 
The heteronuclear lock system has eee invaluable in 
measuring low temperature ie spectra since lock compounds 
containing phosphorus which are useful at low temperatures 
are not readily available. 

In both fluorinated and trifluoromethylated phosphorus 
compounds, large chemical shift differences between non- 


19 


equivalent nuclei are generally observed in both F and 


ear spectra. As well, short range spin-spin coupling 
constants are large and are often indicative of the oxida- 
tion state and coordination about the phosphorus seen. 2 
For example, in trifluoromethylated phosphorus compounds, 
rea generally ranges from 60-90 Hz for trivalent phos- 
phines AS from 100-140 Hz for pentavalent four coordinate 
compounds nce and may be less than 50 Hz for axial groups 
and more than 150 Hz for equatorial groups on five coordin- 
ate phos mhemancan The magnitude of coupling constants 
drops off rapidly as the range of coupling is increased. 
This behaviour together with the large chemical shift 
differences usually allows first order analysis of the nmr 


spectra of these compounds. 


The nucleophilic attack of hydroxide ion on trifluoro- 


at aldeuiavad beromg. ees ne tete, wot . 
shawcyings Azel eraisx STibage gf siutaveqnes wot 
See wot #8) {w%ea0 528 fotdw ewtanqaodg 

-sidelisvs yfiiest 

azilgeodt; befelyciemrmal ins bas botentsoul? ddod ak - a 

than ReeWied eonnaweemte I2 its | Lepeagh apael . chqaogmos: , 
ics | a digg dh cagaventa Yileserey oc& és Toren . 
prilgpes sige-rnide ejatit 72008 P12) PA .etdoge tS . 
~thite.wid %y evisesitni asbto sce bus eprel e268 azantanos 
O4 goss evemigegda ers shoste aaldeatbscoo Mee aceae 
(ebavegmes sitoreudtd detglyl +i souttise of _stegrasace: 
~goiiy duslevlss to) 8) 08-00 Woo? negmet Yi lopeeg 
atenlbwocs wok FHielevertnedq cot 28 061 “not imeyxt of at : 
semeae Inthe 202 He AAT eset! ae ece Ge 4 
oiiiaone avi ne aquosy isizesnupe > a we dl 7 
Biaksacoy pARiaiOD 20 obs tiepam ae aE 
sbwanuont 2a BES qHOO Ac oynex ai an ¢fbicu: ie 


6. 


methylated phosphorus quantitatively cleaves carbon-phosphor- 
us linkages to give fluoroform and has been recognized as a 
valuable analytical wert The number of these bonds which 
are ruptured depends not only on how many trifluoromethyl 
groups are attached but also on the oxidation state of the 
phosphorus and the nature of the other substituents which 

are present. Phosphines, on alkaline hydrolysis, eliminate 
all bound CF, groups as fluoroform, although electropositive 
substituents tend to inhibit this elimination. 1?’ In phos- 


phoryl and thiophosphoryl compounds, one CF, group remains 


10,18,19 


3 
attached to phosphorus on alkaline hydrolysis. 


Neutral hydrolysis of phosphines leaves one CF 
IRS HPA C, 


3 group bound 


to phosphorus , while two groups remain attached in 
phosphoryl and thiophosphoryl compounds. -? These reactions 
have no parallels in organophosphorus chemistry. 

The original aims of the work described in this thesis 
were further understanding of thiophosphoryl-u-thiophosphines 
(hereafter referred to as mixed valence compounds) and to 
develop new synthetic routes to trifluoromethylated phos- 
phorus compounds. Charlton reported the first of the mixed 
valence compounds, difluorothiophosphory1-lU-thio-difluoro- 


phosphine *+ (FP (S)SPF,(I)) ,and soon after the trifluoro- 


ee 


methylated analog [(CF P(S)SP(CF CLL was prepared. 


3)2 3)2 
These two compounds and the new mixed valence compounds 
reported in this thesis and their numbering scheme are shown 


in Figure 1. The two original compounds (I and II) were 
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stituted thiophosphoryl-yu-thiophosphine mixed valence com- 


pounds and their numbering scheme. 
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interesting inasmuch as a formal +3 oxidation state could be 
assigned to one of the phosphorus atoms while the other was 
found to be pentavalent. These structures were postulated 
on the basis of nmr and ir assignments, chemical properties, 
and, in the case of the trifluoromethylated compound, its 
behaviour on alkaline hydrolysis. Although the trifluoro- 
methylated compound (II) showed a well resolved nmr spectrum 
at room temperature, the nmr spectrum of the fluorinated 
species (I), even at the low temperature limit of the instru- 
ment, was not completely resolved. This temperature depen- 
dence could be explained on the basis of a chemical exchange 
process of several possible origins: 


(1) possible exchange of the double bonded sulfur from 


one phosphorus atom to the other. 


(2) rotation about either or both of the P-S single 


bonds. 


(3) exchange of part of the molecule between two or more 


molecules. 


Two new mixed valence compounds difluorothiophosphoryl- 
u-thiobis (trifluoromethyl) phosphine (III) and bis (trifluoro- 
methyl) thiophosphoryl-y-thiodifluorophosphine (IV) substituted 
with two trifluoromethyl groups on one of the phosphorus 
atoms and two fluorine atoms on the other were synthesized 


in an attempt to rule out some of these alternatives and the 
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results of this investigation are reported in Chapter 3. 
Synthesis of the two compounds difluorodithiophos- 


phinic acid (FPS ,H) a° and bis (trifluoromethyl) dithiophos- 


phinic acid (CF,) PSH To, 18 made possible the preparation 
of the mixed valence compounds described above (I, II, III, 


IV) as well as FP (S)SP (F) CF (Viele) eect rid (CF) ,P(S)SP(F)CF, 


3) 
(VII). Chapter 4 describes the synthesis of fluorotri- 
fluoromethyldithiophosphinic acid (CF, (F)PS.H), the prepara- 
ePoneor the latter etwo compounds: (VIL, ) Vill)» andnoL 


CF, (F)P(S) SPF (VI), CF,(F)P(S)SP(CF,), (V), and 


Z 
CF, (F)P(S)SP(F)CF. (IX, X) from the new acid. These new 
compounds have allowed the measurement of geminal F-F and 


CF,-CF, nmr coupling constants which are also reported in 


5 3 
Chapter 4. 

The second project, which is described in Chapter 5, 
was undertaken in an attempt to find a cleaner synthesis 
for the trifluoromethylphosphine starting materials with 
higher hields than the one described in nos ome Previous 
investigations oe showed that both trifluoromethyl iodide 
and methyl iodide reacted with tetrakistrifluoromethyl 
diphosphine to give (CF,) 5P1 and (CF3) 4P Oi (CF) PCH, and 
(CF,)5PI respectively and it seemed reasonable to expect 
Pot, oe to undergo the same De of reaction. The P-P 
bond proved to be resistant to cleavage and this route to 
CF.P compounds did not materialize; however improved 


3 


methods of adding CF31 and CH, ee. (CF,) ,PP(CF3) 5 as well 
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as to (CF5P), 5 ou cyclic phosphines were developed. This 
a 


has facilitated the increase in the number of trifluoro- 


methyl substituents of mono- and di- CF, substituted phos- 


3 
phines. Previous results of Leary demonstrated the feas- 


ibility of decreasing the CF, substitution on phosphorus 


3 
from 3to2 and this work has been extended in this Chapter. 


Subsequent to this work it was found possible to synthesize 


a methylene bridged diphosphine by reaction of CH and 


a 
Hg with the diphosphine. -® Chapter 5 also describes the 


identification of the unreported anions CH, (H) PO, and 


from the hydrolysis of the parent compounds. 


CF, (CH) PO, 


events acid see sae 

Seen meine as are 7 
Sahesdtoye oF eidtueng hieo® ase tt Azo efit 02 Janagemae | 

Bae cage pian ch eared aon ee 
sins ceaiaiehhaliaia ceili iiniteliaal saannqnotgsd oct Rang) 
Gns “09 (i), 20 enqian besaegetay ott 20 nose Een ~ 
vabwviogerd -dasing std to @tayhostigtt odd) moat Re id 


_ 


“— es 


CHAPTER 2 


MATERIALS, APPARATUS, AND TECHNIQUES 


The materials, apparatus, and techniques described in 
this Chapter were generally used in the course of this in- 
vestigation. Any special techniques or apparatus will be 


described more fully where applicable. 


(1) High vacuum system and techniques 


Due to the sensitivity of many of the starting materi- 
als and products of reactions to air and moisture, all man- 
ipulations of volatile compounds were carried out in a 
standard Pyrex vacuum system. An ultimate pressure of less 
than 10 microns of mercury was attainable by use of a mer- 
cury diffusion pump separated from the main vacuum system 
by a cold trap held at -196°C and backed by a rotary oil 
pump. Various parts of the system were isolated by high 
vacuum glass stopcocks lubricated with Apiezon N grease. 
Separation of volatile compounds was effected by passage 
through a series of U-traps cooled by slush baths at 
various temperatures and often final purification was 
facilitated by use of a micro reflux column which has been 
described previously. —— Pressure measurements were made 
using mercury manometers or in the case of compounds that 
reacted with mercury, an all glass microtensiometer. Often 
vacuum distillations were monitored by a Pirani gauge which 


was also used to measure the background pressure of the 
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system. 


(2) Reaction conditions. 

Most reactions were carried out in Pyrex tubes of 10, 
25 or 75 ml volume although those expected to generate high 
pressures (>3 atm) were performed in quartz Carius tubes 
Ofvabouc 50° ml volume. In the initial part of this study, 
the trifluoromethyl phosphine starting materials were pre- 


pared from CFI, phosphorus, and iodine in Carius tubes 


) 
heated in a tube oven at 210°C. Later a 500 ml stainless 
steel bomb fitted with a large heatable valve was used. 
This bomb was heated in a large bath of silicone oil. For 
reactions which could occur in more than one stoichiometry, 


such as the addition of dimethylamine to PF a gas phase 


3° 
reactor was used. 
(3) Materials. 

All compounds which were not commercially available 
were prepared by literature methods. Reagent grade commer- 
cially available materials generally were fractionated 
before use to remove impurities or, if this was not possible, 


were pumped on to remove moisture and air. 


(4) Instrumental techniques. 


Where possible both starting materials and new com- 
pounds were routinely checked for purity by infrared or 


nuclear magnetic resonance spectroscopy. The infrared in- 
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struments used included the Perkin Elmer 337, 457 and 421 
spectrometers. Routine purity checks by nmr were 
accomplished using the Varian A60 or A 56/60A instruments. 
The former operated at 60 MHz for proton spectra and the 
Jatter spectrometer, cperating at 56.4 ° MHz for fiuorine 
nuclei and 60 MHz for protons, was equipped with a Varian 
V6040 temperature controller and was used for preliminary 
studies of temperature dependent spectra. Higher resolution 
spectra were obtained on a Varian HA 100 instrument, also 
equipped with a V6040 temperature controller, but capable 
of attaining temperatures as low as about -120°C. This 
spectrometer operates at 100 MHz for protons, 94.1 MHz for 
fluorine and 40.5 MHz for phosphorus nuclei. Since the 
Varian system is unsatisfactory for recording ithey spectra 
at low temperatures due to the difficulty in finding a good 
low temperature lock compound, the Bruker HFX90 system with 
Fourier transform capability and heteronuclear lock was used 
for low temperature studies. This system operates at 90 
MHz for protons, 84.6 MHz for fluorine, and 36.4 MHz for 
phosphorus nuclei. The phosphorus spectra were run in 
fluorinated solvents such as CFCl. or CFCl. which also 
doubled as the lock compound. All phosphorus spectra were 
run in Fourier transform mode on this spectrometer and 
either 5000 or 10000 Hz aeeD widths were collected in 


either 8K or 16K data points on the Nicolet 1085 computer 


associated with the system. Good quality spectra were 
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generally obtainable after 250 to 1000 input pulses depending 
on the concentration of the sample and the number of lines in 
the pattern... Spectra.of the phosphorus.nuclei..which are 
reproduced in this thesis are expansions of the 5000 or 

10000 Hz sweep width. Volatile samples for nmr were prepared 
under vacuum in 5 mm diameter tubes and were generally about 
25% by volume in CFCl, or CF,Cl.. Fluorine chemical shifts 
are measured relative to CFCl. unless otherwise specified 
while phosphorus chemical shifts are given relative to neat 
P,Oc- These latter values are not very accurate, especially 


at low temperatures, since the position of the P reson- 


4° 
ance can be measured only at room temperature and because 


the resonance frequency of the lock compound (CF,Cl.) is 


very temperature dependent. Nmr spectra of solid compounds 
were obtained in either water or CD.CN and were prepared in 
the atmosphere. Terminology used in descriptions of nmr 


spectra and techniques may be found in many textbooks such 

: 14 

as that by Emsley, Feeney, and Sutcliffe. 
Mass spectra were obtained on the AEI MS9 mass spect- 


CoMmecer, Operating at an 1Onizing voltage or /0 eV, sind 


were introduced as gases using a heated inlet system. 
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CHAPTER 3 
PREPARATION, CHARACTERIZATION, AND NMR 


STUDIES OF TWO NEW MIXED VALENCE COMPOUNDS 


INTRODUCTION 
The recently prepared compounds FP (S)SPF. CL) ob and 
(CF,),P(S)SP(CF,), Cr) oe have been shown to have a 


structure which is unusual in phosphorus chemistry. The 
tetramethyl analog of these compounds [(CH,),P(S)P(S) (CH) 5] 


which has been the subject of a great deal of discussion in 


the literature oh has been found to adopt a structure 


BG 


wherein both phosphorus atoms are pentavalent while the 


fluoro and trifluoromethyl compounds have one phosphorus 


atom in the pentavalent form and the other in a trivalent 


Zap ee 


form This behaviour is not completely unprecedented 


however, as tetramethyl diarsenic disulfide is reported 


to favor the latter pCoueeures 2 


Other diphosphorus compounds containing the highly 


electronegative groupings CF. or F, and either oxygen or 


sulfur include the monosulfides and monoxides ((CF,).,P),S 41 


33 34 35736 


( (CF P),0 ; (F5P).8 , and (FP) 40. These are 


3)2 
all found to be symmetrical compounds with both phosphorus 
atoms in their trivalent oxidation state an asuilcun or 
oxygen atom bridging the two phosphorus atoms. Examples of 
fluorophosphorus compounds containing two pentavalent phos- 


S37 738 38 38 


phorus atoms include (SPF) 5, (e¢ Ee is 4°) 
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2) 


and (SPF.) ,0. Trifluoromethyl substituted compounds of 


this type include (CF3) 5P(S)SSP(S) (CF,), oe and 


(CF ,) .P(S)OP(S) (CF3)4.°° Attempts to synthesize 


(CF 3) oP (S)SP(S) (CF), e have proved unsuccessful and have 
resulted in the formation of the mixed valence compound 
(CF) 5P(S)SP(CF,).- 

. The fully trifluoromethylated compound (II) has been 
shown to be very stable and to undergo reaction mainly 
at the E;) se bond. It showed all the possible nmr coup- 
lings at room temperature and the nmr spectrum seemed to 


22 


be invariant with temperature. The fluorinated compound, 


2 (I), on the other hand, was not particularly 


stable at room temperature and eliminated PF 


FP (S) SPF 
3° Like the 
CF, substituted compound, compound I too underwent reactions 
at the SP ee bond but unlike II showed a temperature de- 
pendent nmr spectrum which was not resolved at room tem- 
perature. 7+ This latter phenomenon suggested the possib- 
ility of an environmental exchange process occurring 

within the molecule. This Chapter reports the synthesis 


of two new mixed valence compounds, F PSP(S) (CF) and 


2 oe 
(CF,) ,PSP(S)F, their chemical characterization, and nmr 
studies which have elucidated some features of the nature 


of the exchange process. 
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EXPERIMENTAL 


Preparation of (CF) oP-S-P(S)F, Cisiers) 


Difluorothiophosphoryl-u-thio-bis (trifluoromethyl1) - 
phosphine was prepared in almost quantitative yield from 


the reaction of stoichiometric amounts of SPF.SH and 


(CF) ,PN(CH iieaetypical reaction 32429 gm. (25.6 


3)2° 


mmoles) of SPF.SH and 2.630 gm (12.35 mmoles) of 


2 


(CF PN (CH reacted instantaneously at room temperature 


3)2 aly 
in a sealed tube to produce 3.677 gm (12.2 mmoles) (98.73% 


yield) of pure (CF PSP(S)F., which was trapped at -63°C. 


3)2 


A mixture of III and SPF,SH (0.160 gm) passed through this 


Z 
trap and an undetermined amount of solid identified as 


F5PS, | (CH) NH,” by nmr spectroscopy remained in the 


reaction tube. 


Reactions of III 
(1) Alkaline hydrolysis 

Compound III (0.1562 gm; 0.518 mmoles) was shaken with 
a large excess of 10% aqueous NaOH for 3 hr at room tem- 
perature. The only volatile product was fluoroform (0.0751 


gm; 1.073 mmoles) identified by infrared spectroscopy. 


(2) With anhydrous hydrogen chloride 


III (0.472 gm; 1.56 mmole) was reacted in a sealed 
tube for 10 days at room temperature with 0.105 gm (2.88 


mmole} of anhydrous HCl. Separation of the volatile pro- 
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ducts gave a mixture of SPF.SH (0.268 gm) and III (trapped 
at. -96°C)-.” The fraction collected at =130°C contained 
0.248 gm (1.21 mmole) of (CF,) 5PC1 contaminated with a 
PlacceOle@ Miecloedta-190-C U;06U2 Om Go mmole) ol Hes 


containing traces of SiF 


4 and (CF,) 5PCl was found. 


(3) With dimethylamine 
To 0.1602 gm (0.53 mmole) of III was added 0.0548 gm 


(1.22 mmole) of anhydrous dimethylamine. An immediate 
reaction ensued with formation of a white solid material. 
After 2 days at room temperature the only volatile product 
obtained was (CF) ,PN(CH3) 5 (0.100 gm; 0.47 mmoles). The 
white solid residue was found by nmr spectroscopy to be 


Nicaea 


(CH,) \NH, SPF, 


(4) Thermal behaviour 

III (0.1608 gm; 0.532 mmoles) was heated at 200°C 
for 3 days in a sealed tube. The volatile material (0.1594 
gm, 0.528 mmoles based on III) was found to be almost pure 
III contaminated with less than 1% of an unidentified con- 
eens (by nmr). A small amount of an unidentified 


Crystalline solid, (l.4>mg) remainecein tne Leactlon cue. 


(eo) With methyl mercaptan 
TIT -(0.282-gm, 0.93 mmoles) was sealed in a glass 


tube with CHSH (0.0504 gm; 1.05 mmole) and allowed to re- 


act overnight at room temperature. The volatile products 
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were fractionated and identified as CH,SH (0.0034 gm; 0.07 


3 
mmole) plus an unseparated mixture of SPF.SH and 

(CF,) 5PSCH, (0.3266 gm). The nmr spectrum indicated that 
the latter two products were present in the approximate 


MOlar .arioeucl, 


(6) With mercury 

The react20n OL lLtig( 0.179 gm; 02593 emmoles) with 
excess mercury (07125 gm; 0.626 mmole) for 7 days at room 
which was 


temperature with shaking yielded (CF PP (CF 


3)2 3)2 
identified by nmr spectroscopy, and Hg(S5PF.). which was 
identified by its mass spectrum and mass measurement of 


the molecular ion (found m/e = 467.8002; calc. m/e 467.8002). 


UL) With anhydrous methanol 
Methanol, dried by addition of sodium metal (0.0254 


gm; 0.794 mmoles) was reacted with III. A complex mixture 
of products resulted. The major trifluoromethyl containing 
in the approximate 


components were (CF PSH and (CF) ,POCH 


WD) s) 
molar ratio 4:3 by nmr spectroscopy. A small amount of 


SPF.SH was also observed along with 8 or 10 other compounds 


iz 
(by nmr) in smaller amounts which could not be identified. 


No further studies were undertaken. 


(8) With chlorine 
Chlorine gas (0.0466 gm; 0.657 mmoles) was reacted 


with III (0.1970 gm; 0.653 mmole) in a sealed tube at room 
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temperature. A complex mixture of products was obtained 
which was not separated since all species but one could be 
readily identified by nmr spectroscopy. The volatile pro- 


ducts were found to be unreacted III (1%), (CF PCI 253)5 


3) 
(CF,)5PCl, (27 25%)i; SPF,Cl (1.5%), and a species which is 


best formulated as (SPF (453) but may be one of the 


2) 252 
related polysulfides (SPF,) 5S. (x > 2) since nmr parameters 


are very similar for the x > 2 series.?° Clearly x # l. 


Preparation of F PSP (S) (CF3) 5 (IV) 


2 
Bis (trifluoromethyl) thiophosphory1l-u-thiodif luoro- 
phosphine was prepared from the reaction of stoichiometric 


amounts of (CF PS 4H and PF N(CH.) .- In a typical reaction 


3) 2 


Zeoongm (11. 24°mmole)” of, (CF PS.H was combined with 


3)2 2 

0.64 gm (5.63 mmole) of PF N(CH) 5 to yield 0.681 gm 
(2.26 mmole) of pure IV and an undetermined amount of 

uy which was identified by its 


solid (CF (CH 


3) PS, (CH3) .NH, 
mmr spectrum. The product was best purified by passage 
through a series of traps7held at —45, -84 and —-196°C 
followed by vacuum distillation of the -84° fraction in a 
low temperature micro reflux still maintained at Eek 


The separation process is rather inefficient and yield 


of pure material is low. 


Reactions of IV 


(1) Alkaline hydrolysis 
To an excess of 10% NaOH was added 0.362 gm (1.16 
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mmole) of IV. After overnight reaction at room temperature, 
the only "volatile product was £lucroform {0F0846¢gqm; 1721 


mmole). 


(2) With anhydrous hydrogen chloride 
IV (0.241 gm; 0.80 mmole) was combined in a sealed 


tube with HCl (0.0305 gm; 0.84 mmole) and allowed to react 
for 6 days at room temperature. Separation of the volatile 


products gave (CF) PS HE(O0. 176 gm; 0.76 mmole) and PF2 CL 


2 2 
contaminated with a trace of PF, (020781 gm; 0. 7/S5*mmole)< 
A small amount of unidentified product (15 mg) was also 


obtained. 


(3) With anhydrous dimethylamine 
To IV (0.232 gm; 0.77 mmole) was added (CH,) NH 


(0.071 gm; 1.57 mmole). There was an immediate reaction 
on warming the tube to room temperature with formation of 


a white solid. The volatile product was identified as 


PFN (CH) 5- The residual white solid was identified by 
- + 
nmr spectroscopy as (CF,)5PS, (CH,) NH, (O22 Igm;" 076 
mmole). 
(4) Thermal behaviour 


IV (0.204 gm; 0.68 mmole) was heated in a sealed 
fUDemLOtN? tenredt e,0CCsandethenescOoleceliied te OCC hac 
tional distillation of the volatile products yielded PF. 


(0.014 gm; 0.16 mmole) and a mixture (0.169 gm) analysed 
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Penangaseriesos), Lilie (51%) )andalv (12). Compound 
I was not observed in the nmr perhaps as a result of low 
intensity due to low concentration plus its small F con- 
tent; however it is likely to be unstable under the above 
conditions. *+ An unidentified intractable white solid 


residue (0.021 gm by difference) remained in the reaction 


Tube. 


(5) With methyl mercaptan 

Methyl mercaptan (0.0342 gm; 0.713 mmole) was combined 
with IV (0.202 gm, 0.67 mmole) in a sealed tube and allowed 
tOercaGleaacs-OOM Lempelaclire went cel. 30 °MInucesran unigenti— 
fied bright yellow solid (0.044 gm by difference) was 
formed. Separation of the volatile products after one day 


of reaction gave (CF,)5PS H (0.144 gm; 0.614 mmole), 


2 


(CF Por(0.006 qm; 70503 mmole) sand PE. (0504257 gm:) 0.435 


3) 2 


mmole). 


3 


(6) With mercury 

| Triple distilled mercury (0.107 gm; 0.535 mmole) 
was added to IV (0.365 gm; 1.21 mmole) and shaken at room 
temperature for several days. The volatile products were 
(0-0293* gm; 0.288 


(CF Sam(.Onedde= Ging 0+57 be mM Le) -and=PF 


3) 4P2 3 
mmole). A yellow solid residue in the reaction tube was 
TOuUnNGdeCOsCOl Lalit Hg[S,P(CF3) 5], (m/e (meas) 667.7861 (calc) 
667.7877) and Hg[S,PF,1], (m/e (meas) 467.7989 (calc) 


467.8002) by mass spectroscopy. 
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(7) With anhydrous methanol 


IV (0.225 gm; 0.745 mmole) and CH,OH (0.0245 gm; 


3 
0.765 mmole) were combined in a sealed tube. After 6 days 


reaction at room temperature, the volatile products were 


identified as (CF PosCHe a( 0 Loorgm>s 0. Gs emmole)r, eal ose 


3)2 2S 


3) 2PS,CH, and (CF,) ,PS.H (0.045 gm) (deter- 


Mined by nmr spectroscopy) and PF, (0.032 gm; 0.366 mmole). 


mixture of (CF 
3 
An unidentified solid residue remained in the reaction 


tube. 


(8) With chlorine 
To 0.253 gm (0.87 mmole) of IV was added 0.0516 gm 


(0.73 mmole) of Cl This was allowed to react 24 hr at 


eae 
room temperature. No attempt was made to separate the 


product mixture but the entire volatile fraction was shown 


by “hs nmr spectroscopy (mole % given in parentheses) to 


contain (CF) ,P(S)SSP(S) (CF3) 5 (28%), (CF,) 5P(S)Cl (2539), 
(CF,)5PC1 (trace), (CF) 5PC1, (trace), PF.C1 (S25), 
SPF.C1 (43) and PF3Cl, (trace). No solid residues remained 


in the reaction vessel. 


Reaction of (CF,) .P(S)SP(CF3) 5 with dimethylamine 


Anhydrous dimethylamine (0.0573 gm; 1.273 mmole) was 
combined with II (0.2558 gm; 0.636 mmole) in a sealed tube 
and allowed to warm to room temperature. Immediate reaction 


ensued with formation of a white solid identified by nmr 
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+ —_ 
spectroscopy as (CH) .NH, 3) PS, 


mmole). The only volatile product was (CF,) .PN(CH3) 5 


(CF COl 6270 0m70 0.6005 


(0.134 gm; 0.629 mmole). 


Reactions of FP (S)SPF., 


agli With anhydrous dimethylamine 

Compound I (0.206 gm; 1.02 mmole) and dimethylamine 
(0.092 gm; 2.04 mmole) were combined and allowed to warm 
to room temperature. A white solid identified as 
fcHeeNiew Leone (0.1825 gm; 1.02 mmole) was formed 
immediately. The volatile products were FP(S)N(CH3) 5, 
(0.002 g; 0.01 mmole), PF, (0.002 g; 0.04 mmole) and 


FPN (CH 0.103 gm; 0.91 mmole). 


AGy 
(2) With anhydrous methanol 

Compound I (0.163 gm; 0.81 mmole) and methanol 
(020256 gm; 0-80 mmole) dried over sodium methoxide were 
allowed to react at room temperature for 4 hours. The 
volatile products (0.1699 gm) were determined by 195, nmr 


spectroscopy to be FAP (S) SCH (73%), PFS (20%) and 


3 


SPF.SH (6%). A small amount of an involatile clear liquid 


2 
(0.0186 gm by difference ) which changed to a light yellow 


solid remained in the reaction tube and was not identified. 


(3) With chlorine 
Chlorine, (020482 om; "0.68 =mmole) and 1 (0713553 9om; 


0.67 mmole) were allowed to react 15 hours at room tempera- 
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ture. The volatile products were found by 19, nmr spect- 


roscopy to be FP (S)SSP(S)F. (27.2 )mandsh 4PGds (6382) h4eA 


2 
small amount of involatile liquid which remained in the 


reaction tube was not identified. 


(4) With methyl mercaptan 

Methyl mercaptan (0.0266 gm; 0.55 mmole) and I 
(0.1143 gm; 0.57 mmole) reacted over 2 hours at room tem- 
perature to form an unidentified yellow solid, SPF.SH 


(0.0434 gm; 0.49 mmole). 


(0.0428 gm; 0.32 mmole) and PF 


Preparation of difluorodithiophosphinic acid 


SPF.Cl (024235 9m; 3.10 mmole, Hy 


mmole) and (CH) 3N (0.368 gm; 6.24 mmole) were combined in 


S (0.014 gm; 3.12 


a sealed tube. Immediate reaction ensued on warming to 
room temperature. After 12 hours the solid product was 
transferred to a round bottom flask. Addition of con- 

centrated H5SO, under vacuum liberated SPF, 


2.40 mmole) contaminated with a trace of SiFy, andy HG 


SH (0.322 gm; 


(0.115 gm; 3.15 mmole) containing a small amount of 


SPF.SH. 
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RESULTS AND DISCUSSION 
(A) Synthesis of difluorothiophosphoryl-u-thiobis (tri- 


fluoromethyl1) phosphine (FP (S) SP (CF ee Ch) anders Cri 


3)2 
fluoromethy1) thiophosphory1l-u-thiodifluorophosphine 


(CF PAS) SPE. (iV). 


3)2 Zz 
The mixed substituent systems were prepared by analogy 
with the symmetrically substituted compounds using the gen- 


eral reaction 


i : 5 
X5PN(CH3) 5 + 2Y5PS.5H ——— > X5P-S-PY, + Y5PS. (CH,) NH. 
(5) 
(XY = ©, CF.) Lite a — CF Y=F 
LVS Ree, Y= CF3 


These reactions are nearly quantitative and best yields were 
obtained when nearly stoichiometric quantities of reactants 
were used because of the difficulty of separating the pro- 
duct from reactants. Nmr spectroscopy at ordinary tempera- 
tures (Table I) confirms the existence of tri- and pentaval- 
ent phosphorus atoms in the molecules in agreement with 
previous results. 71"22 
The acid FPS, 
action of difluorothiophosphoryl chloride with hydrogen 


H was conveniently prepared by the re- 


sulfide and trimethylamine to give the trimethylammonium salt 


of the acid: 


+ ~ + 1 - 
SPFC1 =F H5S oF 2(CH,) 3N —_}>>- (CH) ,NH FoPs., Hh (CH) ,NH Ch 
(6) 
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2. 


The dithiophosphinic acid and hydrogen chloride are easily 
liberated from the salt mixture by reaction with concentrat- 


ed sulfuric acid. 


(B) Chemical reactions of the mixed valence compounds 


Zier, 39 


As demonstrated in previous studies re- 


action of the mixed valence compounds with protic species 
occurs preferentially at the jee taf bond to form trivalent 
phosphines, X5PZ, and dithiophosphinato acid or salts. The 
products are however greatly influenced by the stability 

of the phosphino product particularly in the case of di- 
fluorophosphino compounds of low stability. 


Anhydrous hydrogen chloride reacted cleanly accord- 


ing to eg 7. 


Ss 
fl 
XP-S-PY, + HZ ——~>> X5P2 oF Y5PS.5H (7) 
with either (CF) 5PC1 OG F5PCl being recovered in expected 


amounts. Dimethylamine behaves similarly yielding stable 


amino phosphines (CH NBE oP Ora (CH NP (CF), plus the 


3) NPFS 3)2 


dimethylamino salt of the appropriate acid expected from 


eq 8. 


+ _ 5 
Y5PS5H + R5NH —. R5NH, <y SoPY. (8) 


Methyl mercaptan appears to react in a similar fashion 


40,41 23742 


since III gave (CF,) oPSCH, however 


IV gave only (CF,) PSH ae PF, and a bright yellow 


and FP (S)SH 


solid. The expected product, FPSCH3, which has recently 
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been prepared and characterized ED was not observed and 


may be unstable under the present reaction conditions. 


Similar behaviour was observed with 1.71 Methanol reacts 


with III to produce a very complex mixture of products, the 


main constituents of which were (CF) ,PSH and (CF) ,POCH, 


in the ratio 4:3. Of the remaining 8 to 10 products con- 


tained in the mixture, only S5PF.H could be identified with 


certainty. The isomer IV reacts with methanol yielding only 


3) 2? (S) SCH, we and PF. plus a small amount of unidentified 


involatile material. These products can be explained as the 


result of a Paes cleavage by methanol following eq 7 to 


(CF 


give (CF,) ,P(S)SH and F5POCH,- Decomposition or rearrange- 
ment of the latter would likely yield PF. whereas the former 
reacts in situ with methanol to give (CF3) 5P(S) SCH, as 
demonstrated by a separate experiment: 


(CF,) ,P(S) SH mas Pe) I ——> (CF) ,P (S) SCH +s Heo (9) 


3 2) 2 


No water was detected amongst the reaction products since 
this will likely be consumed in the decomposition via 
hydrolyses of the fluorophosphine products. 
Both compounds III and IV react readily with metallic 
mercury forming the dithiophosphinato complexes ie 
S 
I 


pink ET aN nee se 


3 2 ahG ——> [X5P], =e Hg[S.PY.]., 


(10) 


with the stable trifluoromethyl diphosphine (CF) ,P. result- 
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ing from III. The fluoro diphosphine F,PPF. ae expected 


from IV is unstable and decomposes to PF One mole of 


3° 


PF, is expected in place of one mole of POF, oS in agreement 


with the observed yield. The volatile products from IV also 


include [(CF,)5P],S which presumably arises from the re- 


action of (CF) .P(S)-S-P (CF 
PROD 


3)9 (formed by exchange vide 


infra) with Hg: 


Hg + (CF 3) 5P(S)S-P(CF,)., ——}» HgS + [(CF P].s 


332 


(11) 


The solid product of the reaction of mercury was a mixture 
of Hg[S5P(CF,)5],, expected by analogy with the behaviour 
of III with mercury and the unexpected difluorodithiophos- 
phinate [F,PS,].,Hg which, according to the mass spectrum of 
the solid mixture, was present in relatively large quanti- 
ties. Again the most likely source of the fluoro compound 


is the formation of FP (S)-S-P (CF by a rapid exchange 


3)2 
mechanism (vide infra) which is faster in the case of IV 


compared to III and hence plays a more important role. 


Chlorine reacts vigorously with III and IV with pre- 


ferential cleavage at the Pores bond as well as oxidation 


of ee to ar species. Compound III yields (CF,)5PCl, 


38 


(CF PEL a species which is probably (SPF,) 8, 


3)2 3! 
(but which may be a higher polysulfide although this is 


unlikely) and SPF,Cl. The latter is found in small amounts 
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Ji 
only and may be due to scission of the prae bond, or the 


iO 8 


decomposition of SPFSC1 (which would result from P -S 


bond scission) or from the reaction of Cl, with one of the 


initial products of the reaction, eg (SPF 37,38 


9) 98: 
(CF,),PCl, formation is readily explained by addition of 


chlorine to the initially formed (CF,),PCl. Compound IV gave 


[(CH,) ,P(S)],5, ae and F5PC1 aS Major products indicating 


HES ENE 


scission of P -S to form either (CF P(S)SCl or 


3)2 
(CF,)5PS, radicals which couple to form the tetrasulfide. 
A radical mechanism is the most likely precursor of this 
PLOGUC Le ite adatt Ton; 8 Os tudciGoln oy Cl, occurs and 


3) oP (S)cl me is found possibly as a result of abstrac- 


(CF 
tion of sulfur from (CF,)5PS, radicals or possibly some 
minor amount of attack on the pies bond in the original 
compound. 

Further characterization of the new compounds was 
achieved by alkaline hydrolysis. Compound III yielded 


2 molar equivalents of CF,H per mole of III whereas IV 


3 
yielded only one. These stoichiometries are in agreement 
with those expected from the hydrolysis of Gills ag and 
(CF>) pe species. 745 
Saee 
(C) Nmr spectra of III and IV 


The room temperature nmr spectra together with the 
chemical results previously discussed confirm the existence 


of the mixed valence structure of compounds III and IV. In 
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III, the large fluorine-phosphorus coupling, noes isf1223 


Hz while the trifluoromethyl-phosphorus interaction, ites 


is 78 Hz. These values are typical for one and two bond 
fluorine couplings to phosphorus in the penta- and trivalent 


oxidation states respectively. Similarly in compound IV, 


ae is9183leHZsand see is 113 Hz in keeping with the 


proposed structure. +® Table 1 summarizes the nmr parameters 


obtained for the new compounds as well as those observed 


for the known mixed valence compounds I and II. 


The trifluoromethyl region of the wees nmr spectrum 


of III shows what is apparently a five bond CF.,-F coupling 


5) 


of about 1 Hz which splits the major lines into asymmetric 

triplets. This asymmetry was also observed in I nt and may 
besduegtotcers “afidgtransacouplingssoritoivirtual coupling .3- 
Iteseems, odd that there is no observable:interaction o£ the 


trifluoromethyl groups in compound III with the pentavalent 


phosphorus atom in either the 19, or oan spectra. The ery 


spectrum of the fluorine atoms bound to pv in compound III 


consists of the large doublet due to Zap and a further 


poorly resolved splitting of approximately 1 Hz forming 


apparent septets presumably due to coupling to the CF. 
groups on ere No interaction with eee hanes is observed 
at room temperature. The phosphorus nmr spectrum of III 
consists of an overlapping doublet of septets for pan due 
toscoupling to the two CF groups and to Pe The spectrum 
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spectra of some samples showed a very small amount of fine 


‘ rik : : 
structure in the P region at room temperature which must 


be due to a small unresolved coupling to F on Ee 


As the temperature was lowered, all parts of the 


fluorine spectrum lost the fine structure arising from ipa 


and this coupling was never again resolved even at the low 


temperature limit of the spectrometer. At -120°C the CF, 


region of the spectrum consisted of only a doublet due to rie 


and no interaction with De or F on gl was observed. In 
some samples, the spectrum arising from the fluorine atoms 


on pv had just passed coalescence at -120°C and were begin- 


ning to show doublet structure due to coupling with en} 


This coupling was never completely resolved, however, and 


its magnitude is uncertain although it is greater than 2 Hz. 


The ahs mmr spectrum of the pentavalent phosphorus atom 


never showed any changes as the temperature was lowered 


and apparently Da does not couple to CF. on P . The 


3 
spectrum of aren showed the fine structure observed at room 


temperature which sharpened slightly on lowering the 


temperature and appears as asymmetric triplets presumably 


: 


due to J It is not clear why this coupling is not 


19 


FP* 


observed in the F spectrum but perhaps overlap of lines 


' 3 5 
~ D 
resulting from Jap and Jap and non-observance of the 


very weak outer lines of the resultant multiplet tend to 


3 
obscure Jap: 


The ws nmr spectra of IV at room temperature show no 
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couplings other than Os and is in most samples although 


occasionally some samples showed 35 at this temperature. 


FE 


All samples on cooling gave rise to gs Of about. 1S) Hzeput 


the temperature at which this coupling was resolved varied 


from sample to sample. In no case was 7 the coupling 


FP’ 
pEREAT , 19 
from CF. LORE, , Observed in the F nmr spectra nor was 
5 ever seen. The 195, spectra of all regions were quite 


LAS 


broad at low temperatures and may have contained this inform- 
ation as unresolved splittings. 

Two major differences in the nmr spectral behaviour of 
III and IV were noted. While the spectra of III were 


generally reproducible from sample to sample with the 


exception of very small coupling constants such as set 


which appeared at varying temperatures, it was extremely 
difficult to obtain reproducible spectra of IV. The other 


difference lay in the temperature at which asa could be 


observed. In III, this coupling was always well resolved 
at room temperature whereas most samples of IV did not show 
this coupling at all until the temperatine was decreased: 
In only one sample (Figure 2) was this interaction observed 
at room temperature and in this case the temperature was 
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these couplings in this sample 24 hours later were unsuc- 
cessful and oe was not observed although the sample had 
been maintained at liquid nitrogen temperatures in the 
interim. This behaviour led us to consider the possibility 
of an intermolecular exchange process as a mechanism for 
spectral averaging in the mixed valence compounds. This 
type of exchange could be catalysed by small amounts of 
impurities from decomposition of these compounds. If such 
an effect is important, then the nmr spectra should be 
concentration dependent and this was found to be the case 


in compound IV. The ore spectrum of a 29 mole % solution 


4 : 2 Agee Se 
COLL Leiry cF,Cl. did not show Jpop or Jor at +40°C in the 


sib 


pel region although the P region is just below its coal- 


escence temperature for Stina at th's temperature. (The ori- 


gin of the different coalescence temperatures is discussed 


in greater detail below). By cooling this sample to 20°C 


2 : : 
oo and Jpop appeared in the Pp” region but the Bete 
4 


region did not show J By further cooling to) —40-C 


EP; 
all couplings were well resolved. A 1 mole % sample in 


CF Cl. from the same preparation of IV displayed all of 


2 
these couplings at +40°C although they were not particularly 
well resolved at this temperature. Good resolution of 

all couplings was obtained, however, by 20°C for this 
sample. This behaviour supports the postulate of an 


intermolecular mechanism since a higher concentration is 


expected to yield a higher exchange rate and hence a more 
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poorly resolved spectrum. A similar study on compound III 
did not yield similar results but as was previously noted, 
the ae spectra of this compound did not show the high 
degree of temperature dependence that those of IV did. 

A reasonable though not unique exchange process which 
satisfies the requirement that substituents do not suffer 
exchange from tri- to pentavalent phosphorus and hence do 
not show averaged couplings between different valencies 
is the bimolecular process involving an intermediate 


association of 2 molecules assuming terminal sulfur atoms 


to act as Lewis bases donating to acidic trivalent atoms: 


LAR 
a = § jx? 
Co wa 
FP S=P (CF .) 


The terminal sulfur atoms become bridging atoms and vice 
versa as the result of exchange of electron pairs whereas 
the phosphorus maintains a unique valence state. An 
equivalent polymeric process can of course be postulated 
which is compatible with the above bimolecular one. The 
present results exclude only monomolecular processes as 

a mechanism of exchange. A similar process can explain 

the equilibration results described below and is presumably 
responsible for the exchange process in FP (S) SPF. which 


was speculated to be a unimolecular process in the absence 
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of concentration studies.7+ The rate of exchange clearly 
varies with the substituents involved; hence it is reason- 
able to expect the present two compounds to be intermedi- 
ate in behaviour to the rapid exchange observed in 


FP (S) SPF where cooling to low temperatures was required 


2° 
to observe long range coupling oe and the slow rate of 


exchange observed in (CF where all long 


aS: ine 
22 


range couplings are observed at room temperature. It 


P(S)SP(CF.) 


appears then that introduction of CF, substituents reduces 


the rate of exchange either through reduction of the 
Pewsey er OlmaLle Pee centye or through some sother 
influence on the formation of the intermediate associated 
complex and the electron transfer mechanism proposed. 
Another possibility is that greater chemical instability 
of the fluorosubstituted systems results in greater con- 
centrations of catalytic impurities in the fluorosubstituted 
samples. | 

The appearance of the effects of P-P coupling on the 
‘sone nmr lines at a higher temperature than that required 
for emergence of P-P coupling in the pentavalent phosphorus, 
nmr is also compatible with the above bimolecular exchange 
mechanism. In a typical exchange, a pentavalent phosphorus 


atom becomes coupled to a new -PF, unit and may "See" this 
Uniteiietie span states shownlinelable:2 (a). ssthe ispectral 
lanes arising from transitions among these spin states are 


: 3 : 
well separated since the P-F coupling ( Jpop = 18 Hz) is 
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TABLE 2 


Nmr Spin States of Exchanging Species 


oi BE 

(a) Py Fo £. 
a aa, 0525 
a ap,Ba 0.25 
Qa BB 02125 
8 aa OSEZ5 
B BB 0.125 
V 

(b) z (CF), f. 
a all combinations Os) 


8 all combinations Oe 
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large. The fraction of exchanges leading to coupling of oh 


toa ~PF. unit in each of the respective spin states is 
designated f.- A trivalent phosphorus atom encounters a 
Similar situation but "sees" a new (CHa era unit on exchange. 
In this case there are 14 different spin states available. 
AES Es since he =) 00H Ze and Sates =— 7) S3hZ te 
splitting of the lines due to the interaction of the tri- 
fluoromethyl fluorines and the phosphorus can be neglected 


and the pa 


spectrum viewed approximately as arising from 
the two possible spin states of the pv nucleus. Table 2(b) 
shows the spin states and the fraction of exchanges leading 
to them. Thus in a series of exchanges a pentavalent phos- 
phorus atom is coupled to a new -PF, group in a different 
spin state (and hence gives rise to a different spectral 
line) in 7 of 8 exchanges. In contrast a trivalent phos- 
phorus atom is coupled to a group of distinguishable 
(CF) 5P spin states in only 4 of 8 exchanges. The penta- 
valent phosphorus therefore appears to have a faster 
chemical exchange rate than a trivalent one and a greater 
apparent reduction in rate is necessary to achieve the 
same spectral resolution of the P-P coupling. 

To demonstrate the feasibility of the above postulate, 
equation 12, derived from the modified Bloch equations, *> 
was used to calculate the theoretical lineshapes for the 


two phosphorus nuclei at various exchange rates. The 


spectral intensity I(w) at frequency w is given by 
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I(w) = Im -if(p-idw) > T , (12) 
where 
Hy 1 : 
ues Lewes 
ee a ee 2i (13) 
Bayt 1 # a] ’ 
W - WwW : 
ol l=j 
Aw... = 
13 
0 Leth. a, (14) 
1/t; = (1-f£,)k - CES) 


a is the frequency of the ith line in the absence of 


exchange, Toy is the transverse relaxation time, cS is the 


probability of an exchange from state i to state j, and k is 


the rate constant for exchange in sec 7 
Figure 3 shows the results of these calculations at 


various rates of exchange k. It can be seen that at a rate 


of 250 sec |, the pee spectrum shows more resolution than 


By spectrum, although the difference is not as pronounced 


as in the observed spectra (see Figure 2). From this model, 


it would appear that see is exchanging fit-a Gate of 150 or 


200 sec + and Be at 300 or 400 eecean THis us) clearly 
impossible but it will be noted that the exchange rate varies 
from about 500 to 0.001 Sec in the temperature interval 

+40 to +20°C; a factor of 5 x 10>. Thus very small vari- 


ations in temperature may account for the discrepancy since 
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(CF3), P(S)SPF, 
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FIGURE 3. Theoretical lineshanes of the 2 P svectra of 


(CF) ,P (S) SPF at exchange rates varying from 0.001 to 


me 
L0,0)0 secu. 
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V 
the P and P spectra were observed separately. 


De Molecular exchange phenomena and thermal stability 

The difficulty experienced in obtaining reproducible 
temperature dependent nmr spectra led us to consider in more 
detail the possible mechanism of molecular exchange and to 
determine in particular whether inter- or intra-molecular 
exchange were more likely sources. Concentration dependent 
nmr studies, although not unambiguous did suggest that 
intermolecular processes were important and we accordingly 
investigated the possibility of exchange of Pee and pY 
fragments with unigue substituents. 


Mixing III and IV in CFCl. solution produced an 


3 
immediate reaction with initial formation of a white solid 
which guickly dissolved on shaking. Immediate analysis of 
the constitution of the mixture by 195, nmr spectroscopy 
showed the presence of all four mixed valence compounds I, 
II, III and IV. Assignments, and normalized integrated 
proportions are given in Table 3. Low temperature spectra 
of the mixture resulted in resolution of long range coupling 
not observed at room temperature which serves to confirm 

the assignments. A small change in relative proportions 

of the species was also observed. 


From normalized integrated intensities the equilibrium 


constant for the reaction 
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(CF,),P-S-P(S)F, ae fs PS-P(S) (CF,), — FP (S) SPF 


2 2 
HOVEME 
IV I (16) 
+ (CF) ,P(S)SP(CF,), 
If 
was obtained: 
ce ee ae ea (eVbo vugl es Wh eciae 
[III] [Iv] 


The reaction (as written) is exothermic by no more than 500 
cal and considering the accuracy of K, is probably more 
nearly thermoneutral. The reverse reaction was demonstrated 
by mixing equal proportions of I and II which equilibrated 
at room temperature to give K (as defined above) of 1.1 at 
40°C. These data are also included in Table 3. This labile 
equilibration is notable in that it does not involve a change 
in the valence state of phosphorus. The process suggested 
above to explain the nmr exchange behaviour is compatible 
with the chemical exchange noted herein. 

The mixed valence compounds (I, II, III, IV) have dif- 
ferent thermal stability with II being the most stable of 
all of the compounds. 77 Heabingeid Letom 00s Lome proLronged 
periods yielded negligible decomposition, whereas IV deposit- 
ed a white solid even at room temperature. Nmr analysis of 


the products of decomposition of IV at 70° showed a mixture 
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Ore, eli ey and PF.- Compound I may also have been pre- 
sent and have escaped detection because of its low concent- 
ration and small fluorine content, but it is more likely 
that it decomposes to PF, ae under the conditions of the 
reaction. It seems likely that the least stable compounds 
of the system, I and IV, (i.e. the compounds with trivalent 
PF. groups) undergo a second exchange mechanism which can 


permit mutual oxidation-reduction of phosphorus resulting 


in apparent interchange of substituents. 


This second mechanism reflects the greater ease with 
which fluorine substituted phosphorus (III), as compared to 


trifluoromethyl Se is oxidized to a and is not unex- 


pected in view of the relative stabilities of ae vs py 
with F and CF, substituents. It is likely that the rate 

of this process is slower than the facile interchange 
observed in the nmr spectra since it involves more electronic 
reorganization with a consequently greater activation energy 


and of course it can only be observed when different sub- 


stituents provide labels on the phosphorus atoms. 
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CHAPTER 4 
MIXED VALENCE COMPOUNDS WITH ASYMMETRIC PHOSPHORUS CENTRES 


INTRODUCTION 


Compounds of phosphorus in the trivalent oxidation 
state with both trifluoromethyl groups and fluorine atoms 


attached have been known for some time. These include 


such species as CF.,PF any CF,P(F)C1l Be) CF,P(F)N(CH,), 


Sigor2 
LS The first and last of these are conveniently 


48 


and (CF,).,PF. 
made from the corresponding iodo phosphine and antimony 
trifluoride while CF,P(F)N(CH,), is obtained from the re- 


a@ecron OL SCOLCNLOMeLL tc amounts OL CF PF. and dimethylamine. 


Although CF,P(F)C1l is known to disproportionate on stand- 


ing of it was formed when CRIPtFIN(CH,)S 


acted. Several pentavalent phosphorus anions with these 


and HCl were re- 


groupings are also known including such species as 


- 49 49 =—9 - 50 
(CF) PF, ’ (CF) PF, , CF3PF, : (CF) PF H 
and Cro ae PMs which are analogous to the well known 
hexafluorophosphate anion, PF -, Perhaps the most exten- 


6 


sively studied series of compounds containing both CF. and 


F bound to phosphorus are the five coordinate trifluoromethyl- 


52,53 although extensively investigated 


fluoro phosphoranes. 
, 5 2a . : é 53 

by spectroscopic techniques Py LNVeSstagatc2tons COncinue 

because there are several unresolved problems concerning the 


symmetry of these molecules. Only very few phosphoryl and 


thiophosphoryl species with this substitution have been 
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prepared these being CF3P(O)F, 34 
10 
(CF,)5P(S)F ; and (CF) ,P(0)F.?> This Chapter reports 


10 
’ CF3(F)P(S)N(CH,), : 


the synthesis of CF,P(S)F, and the new dithiophosphinic 
acid CF,(F)PSoH, its dimethylammonium salt, and some mixed 
valence compounds derived from it. 

Members of the series CF, (F)P(S)S-x (X = (CF) 5P-, 
F5P-, CF, (F)P-) and CF, (F)P-x (X = (CF,)5PS,-, FLPS.-, 
CF, (F)PS.-) were found to be rather interesting molecules 
since in the first series the pentavalent phosphorus on 
in the latter the trivalent one are located in asymmetric 
environments, thus making the molecules optically active. 
Burg and his coworkers have recently synthesized several 
compounds containing both a methyl and a trifluoromethyl 


56=30 


group attached tc trivalent phosphorus. These in- 


clude CF,(CH,)PCl, CF,(CH,)PI, CF. (CH,) PNH CF, (CH) PN(H) CH, 


2! 
and the diphosphorus compounds (CF, (CH,)P). 2D and 

(CE MICHA) P)E Sage The diphosphorus compounds were found to 
exist as two isomers whose nmr spectra, although similar, 
were chemically shifted from one another. It is postulated 
that these isomers arise from an asymmetric environment about 
phosphorus which leads to a racemic mixture of d and 1 forms 
and the meso compound. >! Optical isomerism can only be 
observed if the trivalent phosphorus atom either cannot in- 
vert or does so at a slow rate on the nmr time scale. As 


has been shown previously, phosphorus has a much higher 


f 59 
barrier to inversion than does nitrogen and Burg has found 


gPF 4. 1 gORe (ROD = RO GND bam t-T4 GND peg 
nalugaiom yrisosrsitt xsttet st OF Smite witewr (08) pea 
‘Bes. abtodgqeore dni levssieg St egtsee t22i8 ote ak sonta 
vfasemnver ni dattool axis, ane inelaviad ott taztal od? ak 
av igor yifsukegs 4 fiootots bed pintehem aki =toomnotivas 
rawsvat Sexiaeiddove Yidaeg 9% ONE G SARRAS 2id bos pee 


Iytivemoront}i53 S ‘bers I¥dvom 6 29d priestistace eoavogm@D | 


eect 7 ; 
«th casual 88°"? suyedannie Sielari 2 baloeeee quem 


pHs CWA MO} ED gHME (89) PS, THE AD] pS 4 LORE NO AD eerie 


one ae g (ELH) oa) shuwagroa’ acseadqevdytS eft Sop 


Ot @nuei si60~ ehaw6bmoo Septet be ett Es g (0p 8D) 89) 
vwilmte dpvodsis .attesqe Yan’ a¢udW exmaoat ows a6 takxe 
Lasninigody tb JST vtevi ace sho moat bévihttiw yfinotemdo sisw 
Suite Jnseosivin. viTeaimyes oc mot eetae etomoet ovat aang 
amie? £ Oar & to ervstim olmepes 5 qt shawl toinw avpodqeodg 
ed hho ols: emivegoe2’ reseaqo .** bmumqmioe oxo emg, bine 

“hi tontne tortie mods eaxodgeoda tamleviss ens it bevaenda, 


+ Sn eee oe ree oe oe 


ET OOD Fe SS MENEE SE EE TER 
bro} @ sit ime © aconsia. eanb eas amdamawnt 02,9 


7 


~ - : ty 
- _ 
7 7 7 _ 7 _ a 7 


FAG). He a oe 20 supisaitlcsrten r 


49. 


that even at 200°C spectral coalescence in the aor nmr 
spectrum of (CF3(CH,)P),, which would result from rapid 
phosphorus inversion, does not sceur.>/ As well, the 
separability of optical isomers of trivalent phosphorus 
has been demonstrated elsewhere. °° 


It has been shown that in (i-C NP(C1)C(H the 


| sn7ee 5! 
methyl groups within the isopropyl groupings are chemically 
non-equivalent in the nmr due to the asymmetry or 

chirality oT of the phosphorus atom. This non-equivalence 

is independent of internal rotations of the molecule. ©? 
In this Chapter, use is made of chiral phosphorus in both 
the trivalent and pentavalent oxidation states to measure 
geminal CF,-CF, and F-F nmr coupling constants. As well 

the compound CF,(F)P(S)SP(F)CF., which has two optically 


active phosphorus centres, has been shown by nmr to exist 


as a mixture of two racemates. 
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EXPERIMENTAL 


Fluorotrifluoromethyldithiophosphinic Acid 
ib Reactions of CF (F)PN(CH,). 


(a) With H,S 


A mixture of CF. (F)PN (CH (0.1436 gm; 0.88 mmole) 


3)2 
and H.S (0.0624 gm; 1.83 mmole) was heated for 60 hr at 
7O4C andstoreansadditionad 6 hr at 100°C?) “The volatile 
products (0.0374 gm) were removed and found by mass spect- 
roscopy to contain CFPH, and HS. A solid residue was 


left in the tube (see below). 


(b) With HI 

To CF, (F) PN(CH,) 5 (0.1906 gm; 1.17 mmole) was added 
HI (0.3000 gm, 2.34 mmole). Immediate reaction ensued on 
warming to room temperature with evolution of elemental 
iodine. The volatile products are mainly CF PI. and 
CESPr ine the ratio s:2 contaminated with a tracewor 


Sane 


CF.PH.- The solid residue was found to contain the di- 
methylammonium cation with only a trace of an unidentified 


fluorine containing species. 


cc) With sulfur 

CF, (F) PN(CH3) 5 (0.6635 gm; 4.07 mmole) was heated at 
D0 cemLOmeor Oday saw iti an euceee Ooty sulfur.) Kractionacion 
of the volatile products at -45°C yielded a mixture (0.3102 


gm) of CF, (F)P(S)N(CH3) 5, CF ,P(S) (N(CH3) 5) 5 and two other 
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unidentified products in much smaller amounts. The -96°C 
trap contained CF3(F)P(S)N(CH,), (0.2409 gm) contaminated 
with about 53 of FoP(S)N(CH3) 5 while the -196°C fraction 


was pure CF3P(S)F, (0.1629 gm). 


20 Reactions of the solid residue from CF, (F)PN(CH,) , + 


H.S 


(a) With anhydrous HCl 


To the solid residue (0.1676 gm by difference) was 
added anhydrous HCl (0.0686 gm; 1.88 mmole). This was 
allowed to. react 16 hr at 30°C. The volatile products were 
fractionated and found to contain HCl contaminated with 
another unidentified product (0.0766 gm). A solid remained 
in the reaction tube. To this solid was added F5PS.H (0.1404 
gm; 1.05 mmole) which was allowed to react for 2) hr at 30°C. 
Fractionation of the volatile products yielded HCl (0.0182 
gm; 0.50 mmole) and FPS.H (0.0716 gm; 0.54 mmole). A 
white oily liquid remaining in the reaction tube was dis- 
solved in CD,CN. The nmr spectrum of this solution indicated 
the main constituent of the oily liquid to be (CH,) .NH,” Lace 


contaminated with small amounts of CEP POSH: and 


CP3PSO.,H . 


(b) With bromine 
The solid residue (0.2294 gm by difference) was re- 


acted with bromine (0.0842 gm; 0.53 mmole) for 1 hr at 25°C. 
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The volatiles were removed (0.0360 gm) leaving an intract- 


able solid in the reaction tube. 


(c) Nmr spectroscopic studies of the solid residue 

The solid residue (0.1452 gm) was dissolved in 
CD3CN and sealed in an nmr tube. The Ns nmr showed the 
presence only of the dimethylammonium cation. The aor 
nmr indicated CFP (H)O,_ as well as several unidentified 


fluoro-phosphorus compounds. After 2 days at room tempera- 


ture a white solid had precipitated from the solution. 
Si Reactions of CF, (F)P(S)N(CH,), 


(a) With HI 

CF,(F)P(S)N(CH,)., (0.2213 gm; 1.13 mmole) was mixed 
in an evacuated glass tube with HI (0.438 gm; 3.42 mmole). 
Immediate reaction on warming to room temperature was 
observed with formation of a red liquid. The tube was 
allowed to stand for 60 hr at 30°C by which time elemental 
iodine was deposited on the walls of the vessel. The vola- 
tilesgtraction (0.2315 gm) consisted mainly of CF PI, and 
CF,P(S)F, contaminated with small amounts of several other 
unidentified compounds one of them probably being CFP (H) 1 
(ome = 56 Hz, oo = 10 HZ,. op = 50.7 pom). Tne solid 


residue was found to contain the dimethylammonium cation 


(by nmr) but contained no fluorine bound to phosphorus. 
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(b) With H5S 


CF, (F)P(S)N(CH,)., (021663 gmrh0255smmole), and HS 


(0.0301 gm; 0.89 mmole) were mixed in a sealed tube and 
pla¢cedsin jan oven jat 170°C -for4 tdaysig, The volatile poro- 


ducts were removed and found to contain HS (0.0171 gm; 


2 


0.50 mmole) and unreacted CF, (F)P(S)N(CH (0.0807 gm; 


3) 2 
0.41 mmole). An oily liquid which remained in the tube 


was dissolved under a nitrogen atmosphere in dry CD,CN. 


The nmr spectrum of the sample showed the presence of 


ei 
tet 
pe 25 2 (Jpp Qf 
2 3 


ae mE = 1L03,H2, oe =) 41 Has dn = 37.4 ppm; ¢ = 77.8 
ss} 


+ - + 
(CH) ,NH PS and (CH) ,NH CF (F)PS 


Pe 1a 


ppm) inthe approximate ratio 1:2. 


AL Reaction of CF, (F)PS, with H,SO, 


To approximately 2.14 mmoles of (CH) .NH, CF, (F)PS, 


contaminated with Beene (CH) NH,” was added a large excess 
of concentrated H,SO, under vacuum. An immediate reaction 
ensued with liberation of volatile products (0.3338 gm). 


ie maar nmr spectrum indicated the presence of a mixture 


iy Roe i elt? Aso) talc CF, (F)PS.H (72.5%) which was found 


2 ere 

co be inseparable by fractionation. The vapor phase molecu- 
lar weight of the mixture was 171.4. By assuming equal 
volatility of the two compounds and ideal gas behaviour a 


MOLecwilary, WweLght»of 185.55 (calcyle4 etox CF, (F)PS.H is 


found. The parent ion of CF,(F) PSH was measured in the 
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mass spectrometer (meas. 183.9194, calc for CF PS, 


The nmr spectrum was consistent with that which was expected 


ey AAs ee HES) 


for the new compound. The Ber spectrum showed a doublet of 


2 af ‘as a ’ 
doublets ( Jap = 132 Hz; Jap =" 3, 17Hz- bce 


corresponding to a CF, group coupling to phosphorus and to 


= 75.0 ppm) 


a.single fluorine atom and a doublet of quartets Capes = 


did gE 8 hay: PS Sd ba bas oD = 54.1 ppm) due to coupling of 


a fluorine nucleus to phosphorus and to a CF, group. The 


3 
proton gave rise to a singlet centred at T 6.67 in the 1s 
nmr spectrum. The ir spectrum recorded using a reference 


cell containing F.,PS.H (vide infra) was consistent with that 


care 
expected for CF, (F) PSH. (2600 w; 2580 vw; Vey ? Li9G vs, br: 
Vor 29 LO.S,1.5308M, brs Vpr’ Son 287 GOIN eel a Se °sym,CF,’ 
Vp=s sme OSS, too Oem, 415em; °as, CF, Vpg! Vpc) > The 
amount of FPS.H present as impurity varied from one prepar- 
ation to another. 
Sie Preparation of CF,P(S)F. 


An excess of elemental sulfur and CF,PF. COmz 5738 gm; 
1.72 mmole) were heated at 150°C for 2 days. The very 
volatile products were not separable but nmr analysis indi- 
cated a mixture of unreacted CF3PF. (86%) and CF,P(S)F, 
(142) SeeReaction) of CF PF, (Oj2171> ome 57 mmole) with 
excess sulfur for 14 days at 170°C gave CF,P(S)F, in 100% 


yield. The vapor phase molecular weight was 167 (calc 170). 
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6. Preparation of CF, (F)P(S)SP(CF,), (V) 


A sample of CP3(F) PSH contaminated with FPS.H 
(0.1848 gm; 1.004 mmole based on CF, (F) PSH) was added to 
(CF) 5PN(CH,), (O82 Som: M80 2555 mmole). Fractionation 
of the products yielded CF3(F)P(S)SP(CF,), GON 15745 om; 
0.448 mmole) which was contaminated with FP(S)SP(CF3), 
and CF3(F)PSoH. An ol ly involatile liquid formed an the 


reaction was identified by nmr spectroscopy as 


+ — 5 — 
(CH,) ,NH. CF,(F)PS, contaminated with (CH) ,NH, FPS, 3 
Wir Reactions of CF3(F)P(S)SP (CF), 


(a) With (CH,) .NH 


A sample of CF, (F)P(S)SP (CF). from the previous pre- 
paration (0.0854 gm; 0.242 mmole) reacted immediately at 
room temperature with (CH,) ,NH (0.0244 gm; 0.54 mmole) to 


yield (CF) PN (CH (0.0502 gm; 0.235 mmole) as the only 


3) 2 


volatile product. 


(b) Alkaline hydrolysis 
Reaction of V (0.0690 gm; 0.196 mmole) with a 20% 


aqueous solution of NaOH yielded fluoroform (0.0232 gm; 


0.332 mmole) as the only volatile product. 


Sa Preparation of CF, (F)P(S)SPF, (VI) 
Pie Se eee 


A sample of CF,(F)PS.H (e295 0gOilie oo sNOLe) secon. 


taminated by a small amount of FPSH and a trace of SiF, 


reacted immediately on warming to room temperature with 


22 
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FPN (CH,) 5 (0.0905 gm; 0.80 mmole) with formation of a 
clear viscous liquid. The only volatile product was 


CF,(F)P(S)SPF. (0.1755 gm; 0.697 mmole) contaminated with 


F,P(S) SPF, which could not be removed. The viscous liquid 


reacted with concentrated H,SO, to yield CF, (F)PS.H 


(0.1279 gm; 0.695 mmole). 


9. Reactions of CF3(F)P(S)SPF, 


(a) With (CH,) .NH 


A mixture of CF, (F)P(S)SPF (0.1131 gm; 0.45 mmole) 


2 


and (CH,),NH (0.0414 gm; 0.82 mmole) reacted on warming to 


3) 2 


give PFN(CH,) 5 (0.0355 gm; 0.314 mmole) and PF, (0.0109 


3 
gm; 0.124 mmole) and a yellowish solid (0.1007 gm) which 


reacted with concentrated H.SO, 


(0.0541 gm; 0.294 mmole) containing a small amount of F,PS.H. 


to give CF,(F) PSH 


(b) Alkaline hydrolysis 


A sample of CF, (F)P(S)SPF (0.0604 gm; 0.240 mmole) 


e 
reacted vigorously with a large excess of a 20% aqueous NaOH 


solution. No volatile products were detected. 


Loe Preparation of (CF) ,P(S)SP(F)CF, Mek) 

A mixture of (CF) PSH (0.4903 gm; 2.095 mmole) 
and CF, (F) PN(CH,) 5 (0.1784 gm;°1.10 mmole) ‘reacted im- 
mediately on warming to room temperature with formation 


of a white solid identified by nmr spectroscopy as 
2 ee 
slowly during room temperature transfers in the vacuum 


(CF,) PS (CH A volatile liquid which decomposed 
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Die 


system was identified as (CF P(S)SP(F)CF.. The yield 


3)2 
of product purified by fractionation and refluxing from a 


micro reflux column was 42% (0.1555 gm; 0.442 mmole). 


ube Reactions of (CF3) ,P(S)SP(F)CF, 
(a) With (CH,) .NH 


A mixture of (CF) ,P(S) SP (F) CF (O707 75 eG; Oe 20 


s) 
mmole) and (CH,) NH (0.0218 gm; 0.484 mmole) formed a white 


solid when warmed to 25°C. This was identified by nmr spec- 
+ 
> 
3)2 (0.0309 gm; 0.19 mmole) contaminated 


troscopy as (CE) 4PS, (CH) ,NH The only volatile pro- 


duct was CF, (F) PN (CH 


with a small amount of (CH,) ,NH. 


(b) Alkaline Hydrolysis 


A sample of (CF,) ,P (S) SP (F) CF (0.0780 gm; 0.222 mmole) 


3 


which slowly decomposed on transferring to the reaction 
vessel was combined with a 20% aqueous solution of NaOH. 


The only volatile product isolated was CF,H (0.0271 gm; 0.388 


3 
mmole). 


i2% Preparation of FP (S)SP(F)CF GVeTeLADS) 


5 
Warming a mixture of FPSoH (0.7337 gm; 5.47 mmole) 


and CF. (F) PN(CH (0744558 OMe ee Ost 6) Muon 2 Cero 


+ 
2 


(0.4502 gm; 2.52 mmole) which was identified by nmr 


3)2 
sulted in immediate formation of PSs | (CH,) ,NH 


spectroscopy. The lone volatile product was identified 


as FP (S)SP(F) CF (075341 s0nse2. 2 emmole). 
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ok Reactions of FOP (S)SP(F)CF, 


(a) With (CH) ,NH 


A pure sample of FP (S)SP(F)CF (02170920m;>) 0260/3 


3 
mmole) reacted immediately at 25°C with (CH,) .NH (0.0600 
gm; 1.332 mmole) to form a white solid (0.1202 gm; 0.672 


Pare) 
The only volatile product was CF3(F)PN(CH,), (O7L082..9m; 


mmole) identified from its nmr spectrum as FPS. (ose a Oe 


0.665 mmole). 


(b) Alkaline hydrolysis 


A sample of FP (S)SP (F) CF (0.1480 gm; 0.588 mmole) 


3 


was combined with an excess of a 20% aqueous solution of 


NaOH. The only volatile product was CF,H (0.0393 gm; 


8 
0.562 mmole). 


ns Preparation of CF, (F)P(S)SP(F)CF (IX cand? x) 


3 
A sample of CF. (F)PS.H (0.1570 gm;:0.85 mmole) reacted 


immediately with CF, (F) PN(CH (0.0764 gm; 0.47 mmole) 


3)2 
with formation of a viscous oil which was identified as 


2 
Pansman(CHeyeNt 

Zaee Se 
amount of CF, (F)P(S)SP(F)CF, which was identified from its 


CF,(F)PS (CH) ,NH contaminated with a small amount of 


2 


from its nmr spectrum. An undetermined 


nmr spectrum was obtained as the volatile product. 
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RESULTS 


Ae Synthesis and Chemistry of CF. (F)P(S)SH and related 


compounds. 
The reaction of trifluoromethylfluorodimethylamino- 


phosphine (CF.)(F) PN (CH) , with hydrogen sulfide was per- 


formed in an attempt to emulate the preparation of 


(CF) PSH ip axeyitt (EPMS PANCH ET ONCE The desired compound, 


CF. (F) PSH was not obtained, rather CF.PH, 64 was the only 


volatile product and a solid residue remained. Attempts to 
obtain the nmr spectrum of the solid proved fruitless al- 
though precautions were taken to exclude air and moisture. 


The solid, which was only sparingly soluble in CD.CN or 


CHECd showed proton Signals attributable to the dimethyl- 


eee 
ammonium cation, and in the case of the CD3CN solution showed 


19 


numerous very weak F nmr signals, one set of which cor- 


respond to those expected from CF,P(H)O,.7 The CHCl. 
solution showed no tor nmr signals. After two days at room 
temperature, a white solid precipitated from the acetonit- 
rile solution but not from the dichloromethane solution. The 
solid may be the analog of the product obtained from the re- 
action.of SPF .H and (CH) .NH which was formulated as the 
dimethylammonium salt of SPFER wen ho? This adduct is how- 
ever unstable in solution and is not well characterized at 
the present time. 


An attempt was made to prepare the trivalent aéid; 


CF,(F) PSH, by the reaction of the solid with HCl in the hope 
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60. 
that sulfur could be added to it to form the dithiophosphinic 
aerda¢ CF, (F)P(S)SH. An unidentified volatile product was 
obtained as a contaminant of the excess HCl and a solid 
remained in the reaction tube. Addition of FPS 5H 23 yielded 
only HCl, equivalent to that which had been consumed in the 
preceding step and excess FoPSoH. The solid remaining in the 


tube was shown by nmr spectroscopy to contain (CH) NH,” 


B5Pade as its main constituent as well as small amounts of 


ALS = 
CF3PO.,H and CF,PSO,H 19 ions. The solid was not com- 


pletely soluble in the CD,CN solvent. 


=) 

Addition of slightly less than a calculated stoichio- 
metric amount of bromine to the solid product yielded only 
a small amount of volatile products and an intractable 
solid, neither of which were identified. No diphosphorus 
disulfur compound was formed, as would have been expected 
if the reaction of BEA(E) PSe had been similar to that of 
tor smersye which gave (CF) yP(S) SSP (S) (CF3) 5. 

From the preceding experiments, it is clear that 
identification and isolation of either CF. (F) PSH Cwma~esa Lt 
of the acid is difficult and provides no useful preparative 
YOutes. 

The reaction of CF, (F) PN(CH3) 5 with HI yielded 
iodine, CF,PI. and CF PH. as the only volatile products. 
These products can be accounted for assuming that the 


initial reaction of HI gave CF,P(F)I as expected which in 


turn is followed by subsequent halide exchanges forming the 


bates & ‘a: ISH azebee ort to Jnan ? | 
pobieky © He24,% to sofdhbA eh" od "ad, beabann 
oilt ok bemuenoy aped bed coidw todd oF Gnalsviups {D8 xiao | | 
silt uk painismor bifor orf? .HL24.a eepoxe, ban qote pakbeserq - 
Hit, (HD) nisitned of yqoosoutsege wut yet aworke eew edu 7 
to etnuome [foeme es Llaw 25 —_ nism edi 26 bgt 

-mos gon esw bileoe sat -enot ia “HL OB, 49 Bes es “HgOF— 49 ; 
.tnsviog U9,09 edd nt efdwhoa yletela 

~oidoiote Hexelusine 6 asds aael ywltipike to nisi bbs pais 
“lao beblety doubouq, bitoe sAy o2 itd oncied io taveine oiatem 


afdesoeitnt ts bas etorboig eilrdeter to 2ovems fisae 6 
ecwdigeotgth of  .bellitnabt stew rioliw te aedtion ,bifor 
batosaus ceed oved bluow a6 .betyot asw baveqmoo i2ivetb 

20 tes of wOLiitbe nbad bad “A(WiZ8D Re molsoses edd BE 
SS se, 99) (2) daa() ity (9) Susi dodedw “p24 bg) | 
tedt s69lo ei 4h ,zdromizequa gg¢ibecetq 903 motSa 5a* 
tina 6 xo Had (9) assitis to moisefoet bes aoissoitizashi 
evidatsagesq [uisey on e9bivoig brie tivoLtIib et bios. edit to 
, _ Retort _ 
bobiety Ml diiw .(,H9)u9(%) 99 3 a@oitoset eM oi 7 
-stouhory olbisiov ylao oft 86 .H%,% bas . 19,99 ,sathot 
_ tent enimueee 10% becaneaea od ne stouborg 
Haid bososque we T(5) 1,29 avep Ih 20 aoksosos 


6} be 

two dihalophosphines. The presence of erent at iodine 
and CF3PH, Suggested that some reduction of the rearrange- 
ment products occurred as well. The solid remaining in 
the reaction tube contained the dimethylammonium cation and 
traces of fluorine containing species. 

Addition of elemental sulfur to CF, (F) PN(CH,) 5 has 
previously been shown to be non-stoichiometric.?° As well 
as the normal addition of sulfur to give CF,(F)P(S)N(CH,)., 


we have now also identified CF,P(S) (N(CH and CF,P(S)Fo, 


3)2)2 
which were presumably formed as rearrangement products of 
the desired compound. Surprisingly, varying amounts of 
FP (S)N(CH,), OD covers sales) aleae etiest Ge component of 
the reaction products. This compound is very difficult to 
separate from the major component by conventional vacuum 
techniques and propagation down the synthetic routes (vide 


infra) to CF,(F)PS H and the mixed valence compounds gave 


2 


no improvement in the ease of separation. 

The impure CF, (F)P(S)N(CH3) 5 prepared by the foregoing 
method, was reacted with HI in an attempt to synthesize 
CF,(F)P(S)H by. ayreaction. analogoussto thatiused:tospre— 


u On warming to room temperature, an immedi- 


pare F,P(S)H.° 
ate reaction occurred to give a red liquid. After 2% days 
at room temperature, during which time elemental iodine was 


deposited on the walls of the reaction vessel, the products 


were CF PI, 


was consistent with that expected for CF,P(H)I. The 


CF,P(S)F, and a compound whose nmr spectrum 


| eabtiok Letaemote Fos oe sh 

mee spanaiie PES 0 
~OERABS HIN EO: 2 toutes a ete, 
ee ee — 


fas nakdeo rwbaomnet sant’ a9 antetnen od <a 
satroust 


sas ives : 


anid ¢ CB) WR) PIO. Ny Shaw ‘cai 39 aokshbbis 
too af °! of sesmaitatede-non Bdo2 twee ased) ehevohwesg, ~ 
< (MOC) <4 1D ave, tr auaikeie 2e NAKILhe Leapen else 4)” 
ead Dyce tt aHOY My (Ade Zo hettiveeht osis woo eved aw _ 
te atsuberty + asnbaption Ho oe boutos Leeountemy ezew doidw. j 
te siemens pny Sigy Mansetees dasoqeas bexrteeb. oft 
26 pO iia be neuen ‘abs ane t* (geo) Mad “a 
od sivots Rb qiav ek i ae ek siut, .ejenGony sotiossa ont 4 
queasy seetesoulaie uch +Hotogman otsen St mor? sd eteqes 
Suey) Batok otadinyge oct nyo nolipenesy bas eeaphadae 
avi atisucqetod somalew hgten” OF hem’ Bere) So od teal 
sfoOitetrhaa to beng ot¢ wh Joamevougmk om 
eantopegnot edt yodebersqet yp 14 pHa NTTS) 19 amagm. of? 
gsineinyea ci tgaeéte co al Tit odbiw Getases sew), bodgem 
-2%q 09 heey fart ov svonolsdh nakinboy 6 Yo WiS)E (RO 
~i bap. ne Stitetsqmes moot. 92 perbacrnw no Rt SL at 
sybb 2b ise tA. .bliaplf bet 6 svae @tvhexpiode aalsougt eee 5 
cow etkbos fesnauela anid cod etiieb, .eabapemgens ana 


Oz. 
CF,P(S)F, presumably arises from HX cleavage of the P-N bond 
and subsequent disproportionation to form CF3P(S)F, and per- 


haps CF,P(S)I.. This latter product may then be reduced to 


CFP(SH)I, for CFP (H) I) and I, by HI. In the former case, 


Z 


further disproportionation and decomposition could give 


CF3PI. and CF,P(H)I. The dithiophosphinic acid salt 


+ ~ : : 
(CH) ,NH., S5P(F)CF, which was the product of the reaction 


of CF3(F)P(S)N(CH,) , with H,S had an nmr spectrum that 


2 
agreed very well with the spectrum predicted empirically by 


and F.PS ——- Unfortun- 


3) 2PS> 2PS, 


impurity in the starting material 


comparison with those of (CF 
ately the F,P(S)N(CH3) 5 
gave rise to considerably higher relative amounts of the 

difluoro acid salt, suggesting further disproportionation 
of CF, (F)P(S)N(CH,),.- Reaction of the salts with concent- 


rated H4SO, under vacuum easily liberated CF, (F) PSH con- 


Zamad 

taminated with FPS5H. The new dithiophosphinic acid was 
identified from its nmr spectrum. The presence of the 
FPS,H precludes clear identification by most other methods 
such as infrared spectroscopy. From the experimentally 
determined gas phase molecular weight of the mixture 
(171.4) and the mole fractions of the components (FPS.H = 
OAT fers haY A eee = 2.9%) as SSIES UEL SI by nmr spectros- 
copy the molecular weight of the new compound was found to 
be wios so {calc for CHF ,PS5 = 184). The infrared spectrum 
of (CF) FP(S)SH was obtained by comparison of a sample cell 


containing the above mixture with a reference beam sample 
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cell containing pure FoPS.H. The spectrum so obtained is 
consistent with that expected for the new compound. Mass 
measurement of the parent ion in the mass spectrum confirmed 


the presence of CF (F)PS.H (see above). 


Be Nmr studies of mixed valence compounds containing 
chiral centres. 

To further characterize the new acid, the reaction 
with (CF 3) >PN(CH,) 5 was performed to give the new diphos- 
phorus disulfur mixed valence compound CF3(F)P(S)SP(CF3).,- 
This new compound, fluoro(trifluoromethyl) thiophosphoryl-u- 
thio bis (trifluoromethyl) phosphine (V) which forms a new 
member of the series of mixed valence fluorophosphorus 


compounds £,P(S)SPF Ci, (CF) ,P(S)SP(CF3), aE Ys 


Z 
FP (S)SP(CF3) 5 CLA) ¢; (CF) .P(S) SPF 
6.17, 62 


3 (TV) eas Ole interest 


because it contains a chiral phosphorus centre. 
Chirality in a four coordinate phosphorus compound can con- 
fer chemical non-equivalences in groups remote from the 
central phosphorus atom. In the present case, the four 
different species bound to the pentavalent phosphorus atom 
cause chemical non-equivalence of the two trifluoromethyl 
groups bound to the trivalent phosphorus, allowing a rare 
opportunity to observe directly a four bond CF,-CF, coupling 
constant which has previously been observed only in the 

B2b 


spectra of some five-coordinate phosphoranes. The 


Newman projections for the various rotamers of V are shown 
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in Figure 4. It is clear that internal rotations in the 


S S S 
CFz CF CF3 CF, 


Ck i. CF, F Cry F 
oc CF, 
0° 120° 240° 


FIGURE 4. Newman projections of the rotamers of 


CF, (F)P(S)SP(CF,), (V) 


molecule do not destroy the non-equivalence of the two tri- 
fluoromethyl groups since they can never be exchanged one 
for the other by an intramolecular rotation. Thus they 
must always be in different magnetic environments, as must 
their averages. An inversion of the trivalent phosphorus 
atom would however allow exchange between these environ- 


ments. Since our experiments show that there are always two 


unique CF. chemical shifts for CF, on pie within the tempera- 


ture range studied, it is concluded that phosphorus inver- 

sion occurs at a very slow rate in comparison to the time 
14 

scale of the nmr experiment. Three other new compounds 


CF, (F)P(S) SPF ML)"; (CF,) ,P(S) SP (F)CF3 (VII) and 


2 


FP (S)SP(F)CF (VIII) have been found to exhibit similar non- 
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6quivalences and their nmr spectra as well as that of V 
have been matched with spectra calculated using the computer 
program numar .©8 in order to extract chemical shift and 
coupling constant information especially from spectral 
regions which require second order analysis. This non-itera- 
tive program requires as input coupling constants, relative 
chemical shifts, and linewidths for transitions arising 
from the various nuclei. A best fit of the observed spec- 
tra is obtained by manual adjustment of estimations of these 
values and recalculation of the theoretical results. 

The numbering scheme, which is used to specify the 
various nuclei to the program is given in the tables of 
nmr parameters obtained from these fitting procedures (see 
below), and does not imply a particular stereochemistry for 
the non-equivalent groups in these molecules. The graphic 
output of the program obtained on a CALCOMP plotter is 
shown under the observed spectra in diagrams presented in 
Enisechaptey as an andication Of the ysuccess OL (the 


Macch. 


Ls Pluoro(trit luoromethy]) thiophosphoryl-=i=thiobis (tris 
fluoromethy Lyphosphine (Vv) 
the °F and >'P spectra of CF,(F)P(S)SP(CF,), (V) are 
shown in Figure 5 and a complete tabulation of the nmr para- 


meters obtained by the previously mentioned matching pro- 


cedures are given in Table 4. The spectrum of the non- 
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FIGURE 5. Observed and calculated or and vas nmr spectrum 


of CF, (F)P(S)SP(CF (V) determined from a 30% v/v CFC1L 


19 


3)2 3 
solution. F spectrum obtained at 40°C at 94.1 MHz with 
CFCl. as both lock and reference compound. Fourier trans- 
formed >+p spectrum obtained at 40°C at 36.4 MHz with a 
CFC1l. heteronuclear lock and an external PA reference. 
Impurity lines marked by asterisks. 


5 (a) mls spectral region arising from CF, on ee Im- 
purity lines due to CF, on Pa in FP (S)SP(CF3)., 
OLED ty) es 
19 : V 

515) F spectral region of CF, on Pe. 

5(c) 19, spectral region of F on Pie 

5 (d) Poa region of —r spectrum. Impurity lines due 
to Py** in F,P(S)SP(CF,), (III). 


5(e) Half of atl region of ots spectrum. Impurity lines 


due to CF. (F)P(S)SH. 
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TABLE 4 


Nmr Coupling and Chemical Shift Parameters for 


CP3(F)P(S)SP(CF,). (V) 


CRAG) BR De seh. 
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F(4) CF, (2) 
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equivalent trifluoromethyl groups bound to Paks (Figure 5a) 


is second order and may be analysed as an A X system with 


aie 
first order couplings to the pentavalent end of the mole- 


cule. The lines indicated by asterisks are due to the CF. 


groups of the FP (S) SP (CF (III) impurity which results 


3/2 


from the FPS5H impurity in CF,(F)PS.H. The trifluoro- 
methyl group bound to P(V) is seen to subi ererinrst korder 


coupling to De pus 


and the single fluorine nucleus on De 
(Figure 5b). The spectrum of the fluorine atom on pv 
exhibits first order couplings to all other magnetic 

nuclei in the molecule except one of the non-equivalent 

CF. groups (Figure 5c). “This region of the spectrum pre- 
sents special problems in obtaining satisfactory matches 
between observed and calculated results since its features 
are determined by small differences between relatively 
large couplings and small changes inthe magnitude of 

these interactions can create rather major aeenatians in 
the appearance of the calculated spectrum. It is seen how- 
ever that satisfactory agreement between observed and calcu- 
lated spectra has been achieved. 

The nmr spectrum of the trivalent phosphorus atom 
(Figure 5d) presents the same difficulties in achieving sat- 
isfactory fits as does that of the fluorine atom bound to 
pv but it too is analysed on the basis of first-order inter- 
actions. The main features of this spectral region consist 


: V 
of an overlapping doublet of septets due to coupling to P 
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and to the two CF, groups to which it is bound. Further 
coupling to the groupings on By results in rather compli- 
cated fine structure since each of the major lines is now 
split into a doublet of quartets. Lines marked with an 
asterisk arise from transitions of the trivalent phos- 
phorus atom in the F5P(S)SP(CF3) 5 impurity. The nmr spect- 
rum of Ee (Figure 5e) consists of a large doublet from 
coupling tothe single fluorine atom, which is further 
split into a quartet of doublets due to interaction with 
yea 


the CF. group bound to it and with P Se NOPCOUDLING wLeO 


the non-eguivalent CF 
oul 


3 groups is observed. Although the 

P spectrum of CF (F)PS.H has not been measured, the F-P 
=) 2 

couplings observed in the quartet impurity lines in this 


region of the spectrum are consistent with what would be 


expected for CF (F)PSoH. 


Zi Fluoro(trifluoromethyl) thiophosphoryl-u-thiodifluro- 


phosphine (VI). 


The nmr spectra of CF, (F)P(S)SPF a compound in 


pis 
wWitchwchiraLity.ot By renders the two fluorine atoms on 
Pe non-equivalent, are presented in Figure 6 and Table 5 


gives the nmr parameters which were derived from these 
Spectra metne maine dittacultyainecalculatingstheoretical 
spectra for this molecule was to assign the major reson- 
anceseinethne tluorine LTegron.es 1ne CF, group spectral lines 


are easily recognized and form a doublet of doublets due 
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PIGURE 6..° Observed and calculated F and ye nmr spectrum 


5 (VI) determined from a 30% v/v CF,Cl. solu- 


tion. ne spectrum obtained at -120°C at 94.1 MHz with 


of CF. (F) P(S) SPF 


CF5C1 as both lock and reference compound. Fourier trans- 


2 
formed aNSS spectrum obtained at 36.4 MHz at -120°C with 


CF.Cl. as heternuclear lock compound and P as external 


2°15 hae 


reference. Impurity lines marked by asterisks. 


6 (a) 195, spectral region due to CF. on reel 
6 (b) 19, spectral region arising from F on pv and F on pete 
6 (c) 315 spectrum of Dane Impurity lines due to pean in 


F5P(S)SPF, CTF. 


6(d) Half of aac spectrum due to pue Impurity lines not 


identified. 
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TABLE 5 
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Nmr Coupling and Chemical Shift Parameters for 


S) 


CF3(4) 
Coa) seh) (Sy) 


F(3) 


coupling constants (Hz) 


fap 92.5 
1-3 = 6.0 
1-4 = 0.0 
151370 00 


1-6 = 9.0 


chemical shifts 


o, = 4645.0 
d5 = 5344.0 
3 = 4453.0 
o, = 6980.0 
o, = 2785.0 


%¢ = 1420.0 
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due CoO ‘coupling to P ‘and to the fluorine atom on jen 


(Figure 6a) but the lines arising from the three fluorine 
atoms bound directly to phosphorus are not so easily 


assigned (Figure 6b). Observation and measurement of two 


ele 


unique F-P coupling constants in the ay spectrum of 
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of the magnitude of the F-pY coupling constant from the 
spectrum of Pp (Figure 6d), eventually enabled assignment 
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three fluorine atoms have Similar chemical shifts and 
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solved. Thus a rather broad doublet of doublets due to 
1 3 
Jap and Jap results and no further coupling information 
can be extracted from these resonances. The previously 
mentioned spectrum of the trivalent phosphorus atom is 


; : 5 
seen to contain extra lines from 1 


P transitions in 

FP(S)SPF., (I) which is present as impurity. The major 

features of the spectrum of PY are a large doublet due 

to JL. which is further split into guartets of doublets 
2 2 


by Jp and Jpop: Additional first order couplings of 


unequal magnitudes to the non-equivalent fluorine atoms 
on Pane qiveecEse toOg-he iuGthersdoub let sor doublets 
structure. It should be noted as in the previous case 
that although each of the non-equivalent groups in these 
molecules can be definitely assigned a complete and 
unigue set of couplings to other nuclei in the molecule 


and a chemical shift value, no assignment of stereochemi- 


cal orientation of the groups can be made or is implied. 


S) Bis (trifluoromethyl) thiophosphoryl-yu-thiofluoro(tri- 
fluoromethyl) phosphine (VII). 


Spectral non-equivalence of the two CF, groups bound 


to ep is made possible by a chiral trivalent phosphorus 
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centre in (CF P(S)SP(F)CF since inversion of P is 
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slow. The chemical shift difference (18.2 Hz) and spin- 
spin interaction (7.2 Hz) between the non-equivalent 


groups which are shown in Table 6 give rise to a value of 
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A/J of 2.5. This clearly results in a second order spect- 
rum of the A3B,X type which is shown in Figure 7a. As in 


Vi Iny and Jay are the same and can be measured from the 


3. 


P spectra leaving only J and the chemical shifts on 


AB 


and op to be determined directly from this region of the 
spectrum in order to duplicate its major features. Coup- 
lings to other parts of the molecule are extremely diffi- 
cult to extract from this region but often show up very 
clearly in the spectra of these other parts. Thus the nmr 


spectrum of the pentavalent phosphorus atom (Figure 7b) 


consists of a doublet of septets due to coupling to coe 


and to the two CF. groups, and is split further by a small 


interaction with the single fluorine atom on pean to yield 


2 eee : 
Jeep (Saye Tay) of 112.5 Hz. Similarly the trivalent phos- 


phorus spectrum (Figure 7c) is split into a doublet by 
the large coupling to the single fluorine atom bound to 


it and further split into doublets of quartets by ee and 


the CF. group on poe The extra fine structure in the 


nmr spectrum can only be explained by unequal couplings 
to the non-equivalent CF. groups on DY, The various inter- 


actions of the non-equivalent groups determined from the 


as spectra and guesses as to the chemical shifts of these 


groups and the coupling between them still left their 


spectra with unexplained minor features which could only 
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3)2 (VII) obtained in 30% v/y CFjCl, 


solution. 


3 
F spectrum obtained at 20°C at 84.6 MHz with 


CFCl, as both lock and reference compound. oN spectra 


obtained at 20°C at 36.4 MHz with CF.Cl. as reference 


eae? 

compound and PAO as external reference. Impurity lines 
marked by asterisks. 

19 ; V 
7a F spectral region due to CF3 Ongar. 
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of a doublet of doublets due to coupling to pres and to 


the single fluorine atom, this fine structure must result 
from interaction with the fluorine atom whose spectrum 

is not resolved because of the large number of overlapping 
transitions (Figure 7e). Thus these couplings have been 
determined by achieving a best fit of calculated results 


to observed spectra of CF, joined to oe 


4, Difluorothiophosphoryl-u-thiofluoro (trifluoromethyl1) - 
phosphine (VIII) 


The last of the mixed valence compounds prepared in 
this study which possess non-equivalent groups due to a 


chiral phosphorus centre is FP (S)SP(F)CF whose nmr 


3 
spectrum is shown in Figure 8. Table 7 lists the nmr para- 
meters extracted from these spectra. The fluorine atoms 

on PY form the AB part of an ABX spin system with A/J=2.2 
(Figure 8a and 8b). As in its isomer (VI) two different 
one-bond F-P coupling constants are observed for the non- 
equivalent fluorine nuclei but in this case the difference 
in their magnitudes is much less. The major features of 
the region of the spectrum due to F on pY consist of two 
pseudo-quartets. The quartet structure is due to the AB 
spin system where two lines may be assigned to nucleus A 
and two lines to nucleus B. The large interactions of the 


A and B nuclei (the two non-equivalent fluorine atoms) with 


the X nucleus (p”) then splits each pair of two lines by the 
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TABLE 7 


Nmr Coupling and Chemical Shift Parameters for 


PoP (S)SP(F)CF, (VIL) 
F(1l). § F (3) 
"| 
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coupling constants (Hz) 
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FIGURE 8. Observed and calculated F and one spectrum 


OF FP (S)SP(F)CF (VII1I)) obtainedmin 30% v/v CEACl =so0lu— 


Zane 
tion at -80°C: 195 spectrum obtained at 94.1 MHz with 
CF.Cl. as both lock and reference compound. aoe spectrum 
obtained at 36.4 MHz with CF,Cl, as lock compound and 
PA%% as external reference. 
8a Low field half of ke spectral region arising from 
EeOn pe 
8b High field half of 19, spectral region arising from 
FE ones 
8c 195, spectral region due to CF. on Doe 


3 


8d Low field half of 195 spectral region arising from 
F on ae 
; BE ; V 
8e Central portion of P spectral region due toP . 


8f Half of ar spectral region due to Bae 
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appropriate value of oy and yields the two quartets 


Ne 


whose spacings are not the same. Further couplings are 
then superimposed on these lines in a first-order manner. 
It is seen in Figures 8a and 8b that each of the lines in 


both quartets is further split into a doublet. This split- 


ting results for one nucleus from interaction with Bees 


and for the other from coupling to F on Dae Thus two 


lines in each quartet which arise from the A nucleus are 
split by 8.8 Hz due to coupling to fluorine and the 


other two lines are split by 16.3 Hz from coupling of the 


B nucleus to pros Further first order couplings to the 


fluorine atom and trifluoromethyl group are also observed 


although in the case of coupling to CF this is not 


ces 


observed in the spectrum of CF, since it is obscured by 


3 
the rather large linewidth of transitions from this group- 


ing. Thus the spectrum of the CF, grouping (Figure 8c) 


3 
appears as a doublet of doublets due to interaction with 


Bane and with F on Pee The spectrum of the fluorine 


atom on gies (Figure 8d) is fairly well resolved and shows 
the expected couplings. 

The pentavalent phosphorus atom is coupled to each 
of the fluorine atoms bound to it by different magnitudes 
resulting in a doublet of douniecs in its spectrum (Figure 


8e). Further coupling to Dane splits each of these lines 


, : : IL IG TE 
into doublets but the small interaction with F on P 


which is observed in the fluorine spectrum is not seen due 
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ss 


to the magnitude of the Py linewidths. 
The spectrum of eres (Figure 8f) consists of a large 
doublet from coupling to the directly bound fluorine atom. 


Further first order couplings to CF. and pv yield a doublet 


) 
of quartets and interaction with one of the fluorine atoms 


iN ; . : 
on P splits each of these lines into a doublet. 


5s Fluoro (trifluoromethyl) thiophosphoryl-y-thiodifluror- 
(trifluoromethyl) phosphine CO GIG 


The final member of this series of mixed valence 
compounds, CF3(F)P(S)SP(F)CF,, was prepared from 
CF, (F)PS.H and CF, (F)PN(CH,) 5 and was found to be a mixture 
of two racemates which give rise to different nmr spectra. 
Since both starting materials consisted of mixtures of d 
and 1 optical isomers, four mixed valence compounds of 
the same ree cme buLAdi tT rerentestereochemistuyvercs 
sulted. The four isomers may be labelled dd', dl', ld' 
and 11' and of these dd' and 11' form one racemate and dl' 
and ld' are the other. The racemic mixtures are disting- 
uishable from one another in the nmr but the components 
of a particular mixture are not. The Newman projections 
given in Figure 9 show one component of each of the race- 
mates and it can be seen that any atom in one of the con- 
figurations is always in a different magnetic environment 


than the corresponding nucleus in the other configuration. 
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Sie F 


FIGURE 9 Newman Projections of the Isomers of 


CF (F)P(S)SP(F)CF, (IX and X) 


Parts of the nmr spectra of the two racemates are 
shown in Figure 10 and the nmr parameters which could be 
measured are given in Tables 8 and 9. Structures shown 
throughout the thesis for these molecules such as in 
Tables 8 and 9, do not imply their absolute stereochemistry 
but only that the two racemates are different. 


The recently prepared compounds CF (CH3) PP(CH,)CF, at 


and CF, (CH,) PSP (CH,)CF., ae are other examples of phosphorus 


compounds which show optical isomerism. These compounds, 

whose nmr spectra have been partially analysed, were found 

£0 exist as (a.dil racemic mixtunerand=in a meso form due to 

their symmetry. The series of compounds R(F)P(S)SP(S) (F)R, 
69 


mae CH,CH.-, or C He jpalso exhibit optical 


isomerism and in the methyl substituted compound the nmr 


where R is CH 


spectrum has been completely solved. In the ethyl and 
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103. 
TABLE 8 


Nmr Coupling and Chemical Shift Parameters of the Major 


Component of the Mixture of the Isomers of CF,(F)P(S)SP(F)CF, 


CF, (1) Pea ane 
PAS eSsEN 6} (IX) 
F (2) F (4) 
coupling constants (Hz) 
1-2 = 2.8 
1-3 = 0 2-3 =.0 
1-4 = 12 eA a Ne re) OA tH 0 
1-5 = 134 2-5 9 1652) 5-2 0 4-5 = 5 
1-6 = bel. 2-6°5= Not. 3-6 = 74 4-6 = 1156 5-6 = 86 
chemical shifts (Hz)* 
o, = 6415 (68.2 ppm) 
5 = 5007 (53,20 ppm) 
d, = 5431 (S77 eon) 
, = 14955 (15029 DpnL) 
de = -1041 (28.6 ppm) 
6 = 1370 (-38 ppm) 
a) 19, Shirtsecrom. Cr eed toa Lei 2 
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-TABLE 9 


Nmr Coupling and Chemical Shift Parameters of the Minor 
Component of the Mixture of the Isomers of CF, (F)P(S)SP(F)CF, 


Celene F(4) 
3 | 
Pas leetacae (X) 


oe 


Ee 2) CF. (3) 


coupling constants (Hz) 


Ue ee we 

i—3 = 0 2-3 = 0 

EO O25) 2-4 oon sr 3-4 = 403 

1-5 = 134 2—5e—2 oOo —-oe—a 0 4-5 = 4 


Oe — ee. Cee Oe 2 oleae eS 6 - a> 4-6 = 1148 5-6 = 103 


chemical shifts (Hz) * 


$, = 6453 (68.6 ppm) 
o, = 4985 (53.0 ppm) 
o3 = 5428 (57.7 ppm) 
o, = 15101 (160.5 ppm) 
o, = 1115 (30.6 ppm) 
o, = 1370 (-38 ppm) 
a) seh shifts from CF,Cl. at 94.1 MHz 
SHE 


P shifts from PA% aces 640M 
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FIGURE 10. Observed and Calculated partial F and P 


spectra of the isomers of CF, (F)P(S)SP(F)CF 
19 


3 (IX and X) 


obtained in 20% v/v CF,Cl, solution. F spectrum 


a a 


obtained at 94.1 MHz with cF,Cl, as both lock and reference 


compound. hs spectrum determined at 36.4 MHz at -50°C 


with CF,Cl, as lock compound and P,O, as the external 


Zee 46 
reference. 
10a oO Ceano 3 U0 eC 195, spectra of the region due to 
CF. on Dane 4 
ee UBS) : Vv 
10b = Hie F spectral region due to CF, on P . 


a 
10c Haltror oy spectral region due to P 
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phenyl derivatives, the proton nmr spectra were not fully 
analysed. 

Solution of the nmr spectra of the mixture of race- 
Mates reported in this study (IX and X) unfortunately could 
not be carried to completion due to the poor resolution 
observed in the spectra of the single fluorine atoms bound 
to both poo and Be The spectra of these nuclei are not 
shown in Figure 10 since only chemical shift information 
could be extracted from them. The extremely complicated 
first order spectra of the trivalent phosphorus nuclei could 
not be analysed due to the near-identical nature of the 
two racemates. This gives rise to nmr spectra that have 
nearly equal chemical shift values and large numbers of 
transitions arising from spin-spin coupling, many of which 
are thought to overlap with other transitions. A simple 
case of overlap is seen in the spectra of the CF, groups 


pee (Figure 10a) which appear as a doublet of 


bound to P 
triplets at -50°C. However, cooling the sample to -100°C 
results in the observation of two sets of doublets of 
doublets one of which arises from each of the racemates. 
The couplings, although unsubstantiated by their measure- 
ment from the spectra of the other nuclei, presumably 


a and F on pe respectively. 


arise from interaction with P 
In thiseregion Of the Spectrum 1t.i1seseen athiat One OLethe 
two racemic mixtures is in higher concentration than the 


other and it is this feature alone which allows assignment 
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Uae 8 
of transitions in various regions of the spectrum to one 
particular racemate. Thus parameters for the high con- 
centration component (IX) are given in Table 8 while those 
for the low concentration racemate (X) are listed in Table 


9. Even at -50°C, the spectra of the CF, groups on py are 


3 
well separated for the two mixtures (Figure 10b). In 

the major component (IX) this group is coupled to pv result- 
ing in a large doublet. These major peaks are further split 


into doublets of doublets of doublets by F on ove Deas 


and F on Poe Only tentative assignments of these inter- 
actions, based on similar couplings in the related mole- 
cules discussed previously, have been made because of the 
problems of resolution and assignment in the spectra of 
the single fluorine atoms and the trivalent phosphorus 
nucleus mentioned earlier. The spectrum of X shows a 
SimilarecoupPing OLethe trirluoromethy aqroup, Lo el 
Additional nearly equal couplings, apparently to F on 

py and to the trivalent phosphorus nucleus, give rise to 
a triplet structure. A very small coupling to F on Peon 
may also be present but is not resolved. 

The nmr spectrum of the pentavalent phosphorus 
atoms (Figure 10c) yields nearly equal chemical shift 
values for IX and X but because the splittings these 
nuclei suffer are less extensive than those suffered by 

III 


P and because they are of different magnitudes, their 


spectra are easily analysed. After coupling to the 
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Lid. 
directly bound fluorine which results in a widely spaced 
doublet, the oY nuclei interact with the trifluoromethyl 


groups to which they are bound, with pape and with the 


fluorine atom on pale This results in a spectral pattern 
consisting of a doublet of quartets of doublets for each 


of the racemates. 
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DISCUSSION 


ie Geminal non-eguivalence in mixed valence compounds 


with chiral phosphorus centres. 

The chemically non-equivalent species opposite the 
chiral phosphorus atom in all cases show unequal couplings 
to nuclei in other parts of the molecule. This is primar- 
ily due to the chirality of the phosphorus atom which puts 
each of the groups in a different magnetic environment. 
Another contributing factor may be restricted rotation 
about the bonds to the bridging sulfur atom. The latter 
effect could then lead to cis and trans interactions across 
the molecule which could explain the asymmetry of the fine 
structure in the spectra of FP(S)SP(CF,) 5 (III) which is 
described in Chapter III of this thesis. The spectra of 
the previously reported compound (I) =f show intensities 
which would not be expected if the two fluorine atoms on 
each of the phosphorus atoms are equivalent and the exist- 
ence of cis and trans couplings may explain these variations. 
Better spectral resolution, not available at the low tem- 
perature limit of present spectrometers, appears necessary 
to comment further on this mechanism. 

Perhaps the most interesting information obtained from 
themsolutionm OL, thesspectra, of VieuVL ov LL eons lies the 
Magnitude of the coupling between geminal fluorine atoms 


or geminal trifluoromethyl groups. Although these couplings 
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113, 
exist in all compounds with two or more of these groups bound 
to phosphorus, they may only be observed if the groups are 
made chemically or magnetically non-equivalent and the deg- 
ree of non-equivalence should have very little effect on the 
Magnitudes of such interactions. The chemical shift dif- 
ference between two such groups however is a reflection of 
their non-equivalence. Thus the geminal CF,-CF. coupling 
constant in V and VII is relatively constant at about 8 Hz 
whereas the chemical shift difference between the groups 


is a factor of two larger when they are joined to pean than 


to ae The same behaviour is observed in VI and VIII where 
the geminal F-F coupling remains relatively constant at 

about 85 Hz. The chemical shift difference between the non- 
equivalent fluorine atoms is only 2 ppm in VIII which has a 


chiral pos 


centre but increases markedly to over 7 ppm in 
VI where the chiral centre is a pentavalent phosphorus 
atom. In these two compounds, the non-equivalent atoms 
couple with different magnitudes to the phosphorus they are 
bound to and this difference is much greater in VI than 

in’ Ville wihis difference tiniishort mange? P=EF coupling for 
the non-equivalent groups (in this case thee) is not 
observed in V and VII but this is probably due to the small 
magnitude of the effect due to the carbon atom intervening 
between F and P, rather than to its non-existence. The 
observed effects of non-equivalence thus are greater if the 


ar V 
non-equivalent groups are on P 13 than on Pon Thus.P 
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appears to be a more effective chiral centre than ieee ati 


causing these non-equivalences. Since a planar environment 


about the phosphorus would destroy the chirality, it may 


uf : : 
be that P a 1s more planar than pv when CF. and subsii— 


tuents are attached and hence less chiral. It must be 


noted here that planarity of phosphorus to which two CF, 


groups or F atoms are joined will also destroy the non- 
equivalence if free internal rotations within the molecules 
are allowed. Thus if the suggestion of greater planarity 
is to hold, it is necessary that either: (a) trivalent 
phosphorus tends more towards planarity when one F atom and 


one CF. group are attached than when both substituents are 


the same, or (b) the effect is for some reason more pro- 


Lid 


nounced if it is the chiral P atom that is tending to 


Alar 


Deaharity? than at. P is bound to the non-equivalent 


groups. 


2s Systematic) Variations in) the nmr parameters or the 
mixed valence compounds. 


Several trends are observed in the nmr parameters of 


this closely related series of compounds. The short range 


v4, 


F ak 
fluorine to phosphorus coupling constants, Jap and Jppr 


are seen (Table 10) to be directly dependent on the nature 


of the remaining substituents on the same phosphorus atom 


except in the case of CF. on ee By increasing the tri- 


fluoromethyl substitution from 0 to 1 a drop of oe from 
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BapOuts 1 33 0p haetomaboutc 155 gizetor LLuccine: bound. to pil 


results (Table sd he Similarly fluorine on pv in) the di- 
fluorinated compounds shows ee Ofte aooOU tw 215 °Hz, whee 
compounds with only a single fluorine atom attached to at 
have> couplings “of about L175sHze(Table 1l)y. It is possible 
to rationalize this behaviour if the existence of F-P Tt 


type interactions are allowed. Thus the following resonance 


structures may be postulated. 


+ 
F F CF 
3 
i PLaeaee SS ~ 
/ ee ee 
F F oe 


It is reasonable to expect that if this donation of 1 
electrons from fluorine to phosphorus does occur, a synergic 
donation of o electrons from phosphorus to fluorine will 
also be observed. This effect should be more pronounced 


= than 


for compounds with two fluorine atoms joined to P 
those with a fluorine atom and a trifluoromethyl group due 
to the greater stability of the more delocalized mT 

system. /+ Also the greater electronegativity of two 
fluorine atoms as compared to only one fluorine and a tri- 
fluoromethyl group i will result in a greater purely in- 
ductive withdrawal of o electrons into the P-F bonds. Since 


the generally acknowledged origin of nmr coupling constants 


arises from the existence of electrons with finite probabil- 
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ties at the nucleus, (i.e. 's' electron density) ohne: 
follows that cee should be bigger in the FSP moiety than 
in CF,(F)P as is observed. It was also shown that this 


effect is larger for poo substituents than for a sub- 


stituents. This may be a reflection of the greater avail- 
ability of the lone pair of electrons on the trivalent 
phosphorus atom, which are in a o-type orbital and which are 
available for synergic back donation, and inductive with- 
drawal than the o electrons on the pentavalent phosphorus 
atomswhich are involved in the phosphorus sulfur double 
bond. 

These arguments may also be used to rationalize the 


decrease in = when the trifluoromethyl substitution is 


V 


Ue 


increased from 1 to 2 on P (Tables 10 and 11) although it 


is not clear why the effect is essentially non-existent on 


pales Here it would be expected that the greater total 


electronegativity of the CF, (F) grouping, should result in 
a greater inductive withdrawal of o electrons than in the 


case of (CF), and hence a larger value of 25 Since 


FP* 

the magnitude of “ee was observed to decrease much more 

dramatically with increasing the CF. substitution for the 

trivalent phosphorus cases as compared to their penta- 

valent analogs, it may be that more resonance stabilization 

is lost in the former case than in the latter. Thus the 
‘hat Be P 


single fluorine on P may actually inductively withdraw o 


electrons from the CF,-P bond or at least more effectively 
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compete for them as compared to the pv case thus negating 
the greater total electronegativity of the grouping of sub- 
stituents on phosphorus in the oe case. 

Although the chemical shift of the trifluoromethyl 
groups in these compounds is relatively insensitive to 


changes in the degree of CF, substitution, (Tables 11 and 


3) 
12) the chemical shifts of fluorine atoms bound directly to 
phosphorus change significantly with substitution at 

fae or pee In both cases, the chemical shift of the 
directly bound fluorine increases on raising the CF. jie 
stitution from 0 to l, with the trivalent cases showing the 
most dramatic changes. This may be due to decreased T 
interactions in compounds with CF,(F)P substitution as com- 


pared with FP groupings resulting in higher shielding and 


2 
hence larger chemical shifts in the former case. At the 
same time, the phosphorus chemical shift increases from 
about -79 ppm for difluorinated trivalent phosphorus to 
=3/7 ppm for CF,(F)P substitution to approximately +103 ppm 
for the (CF) 5P grouping. The pentavalent phosphorus 
atoms show increases in shift from about +35 ppm for the 
first two cases to +71 ppm for compounds with two CF. 
groups attached (Table 11). Although the m donation from 
fluorine to phosphorus would be expected to decrease with 
increasing CF, substitution and result in less shielding 


and lower shifts, the reverse order is observed. This 


suggests that the inductive effect which diminishes in 
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going from F, 


sult in greater o electron density on phosphorus and 


P to CF,(F)P to (CF,)5P, and which would re- 


hence higher shielding, is a more important effect. Although 
the changes in fluorine chemical shift are rationalized on 
the basis of mt interactions while those on phosphorus seem 
to depend on o effects, it may be noted that changes of 
electron density in the former case originate in the 2p 
fluorine orbitals. These are probably much more effective 
for shielding than the more diffuse 3d orbitals Ue on 
phosphorus which would be involved in the postulated mT 
interactions and the phosphorus 3s and 3p orbitals involved 
in o bonding are likely more important for shielding 
this nucleus. 

The observed decrease in sae £rom about) L000 ,Hz tor 


compounds in which the trivalent phosphorus is joined to 


two CF, groups or one CF, group and one fluorine atom to 


3 3 
approximately 68 Hz for compounds with difluorinated. tri- 
valent phosphorus (Table 13) may also be accounted for by 
‘these arguments. For the latter cases where the synergic 
back donationiof electrons’ is thought. to be ther greatest, 
this may result in withdrawal of o electrons from the 
P-S-P system thus lowering ga aes 

Attempts have been made to rationalize the nmr coupling 
and chemical shift parameters for a large series of phos- 


phine, phosphoryl, and thiophosphoryl compounds containing 


fluorine atoms and for trifluoromethyl groups by similar 
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arguments. +4 These have met with some success and, al- 


though not completely reliable, such descriptions appear 
to have some predictive value. 

One further observation for which no detailed explan- 
ation is offered is the larger magnitude of the four bond 


trifluoromethyl to distant phosphorus coupling when CF. 


is joined to pv than the corresponding coupling when the 


CEerismoound to pret. Thistrolilows ‘che fsame) order,as 


& 
Jer whicheis larger for CF, on pY than for CF, on P ; 


No such behaviour is observed for ee as is seen in Table 


1S hs 
ie The 2T mmr spectrum of trivalent phosphorus in 


F5P(S)SP(F)CF (VIIT) 


3 
An apparent anomaly was observed in the a spectrum 


of FP (S)SP(F)CF (VIII). The spectrum arising from the 


3 
trivalent phosphorus atom shows a doublet of doublets of 
quartets of doublets whose origin is shown in Figure ll. 
Half of the lines in half of the large doublet are further 
split by approximately 2.5 Hz into doublets. Since there 
is still a single fluorine which is apparently uncoupled, 
the splitting may arise from interaction with it. This 
however should split all the lines equally. A more likely 
explanation. 1s that in) fact a wspin tickling phenomenon 4 


is being observed as a result of the proximity of half of 


the fluorine doublet from one of the fluorine atoms bound 
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SPIN TICKLING 


3 ELLs. 
PIGURE SLI. High ticia nali oF P spectrum of P in 


FP (S)SP(F)CF,- Asterisks denote lines 


which split by spin tickling. 
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to pv to the signal from the solvent (CF,Cl.) which served 


as the spectrometer lock signal. Irradiation of the 

sample at this lock frequency not only involves nmr tran- 
sitions in the solvent but will also be in resonance with 
certain transitions of compound VIII. Thus a double 
resonance experiment is in effect being performed and one 
group of lines from the fluorine atoms bound to a will 

be spectroscopically pumped. Since lines arising from 
coupling of ie to pv and to CF. are all affected 

equally, transitions of these nuclei need not be considered 
in order to rationalize the observed spectra. The fluorine 
atom on By woLCheis NOt coupled) to peat may also be omitted 
in explaining this effect. Thus the nuclei which are 


cate 


important to this phenomenon are P , whose spectrum is 


being observed, F on Poe Since only half of the lines 
resulting from coupling of these species are affected, 

and the fluorine atom on a which is coupled to pees since 
its transitions are being affected by the lock frequency. 
Figure 12 is the nuclear energy level diagram, ’? resulting 


j ‘ u 
from these nuclei whose labels represent the spin of P re 


F on ea and F on Pa respectively. The solid arrow- 
heads represent transitions of the fluorine atom on P 
which can be "tickled" or "pumped" and the open arrowheads 
are the possible nmr transitions of yids he may be seen 


that if only one of the fluorine transitions is pumped, 


that being the one closest the lock frequency, two of the 
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FIGURE 12 Partial energy level diagram of F,P(S)SP(F)CF, 


showing some allowed nmr transitions. 


phosphorus lines will be affected. Freeman and Anderson 


have shown 73 


that the first change from this phenomenon 
is splitting of one of these lines and enhancement of the 
intensity of the other. The other two transitions which 
form the other half of the doublet due to coupling of F 
on po to jet should be unaffected as is apparently 

the case (see Figure 8). Although intensity changes of 
hale ot the Lines are father aqlelicultetoidiscern,; ites 
clearly seen in Figure 1l that half of the remaining lines 


are split into doublets and that these are half of the 
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appears that the observed results may be explained by 


this spin tickling phenomenon. 


CHAPTER °5 


REACTIONS OF COMPOUNDS CONTAINING P-P BONDS WITH CFI AND 


CHI AND RELATED CHEMISTRY 


INTRODUCTION 


The traditional starting point for the synthesis of 
trifluoromethyl substituted phosphorus compounds has been 
to make (CF 3) PI,_1 (n= 07,1 ,2, 5) Lrom the reaction of 
CF31 with elemental phosphorus. > Addition of elemental 


iodine to the reaction mixture reduces the yield of (CF P 


3)3 
and increases the amounts of the iodo phosphines obtained.” 
Since most investigations of trifluoromethylated phosphorus 
compounds have required the use of only one of the phos- 
phines produced by this reaction, a facile way of adding 
or removing CF groups from phosphorus to optimize the 
yield of the appropriate compound would be highly desirable. 
Hydrolysis reactions are known to remove these groupings 
as fluoroform, but unfortunately also substitute oxygen in 
their place which is even more difficult to displace. 
A more convenient method of reducing the CF. substitution 

74 


from three to two has been reported for (CF and 


Ts) 


aoe 
(CF) ,P0. This involves reaction of dimethylamine with 
the trisubstituted compounds to give (CF) ,PN(CH,) 5 or 

(CF) ,P (0) N(CH.) , respectively. While the latter reaction 


Leecuanti tative anidetapld dua OOlmucmperature, ties Lolmer 


gives low yields of the aminophosphine and then only at 
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elevated temperatures. This reaction can be driven to 
completion by the addition of HS to the reaction mixture ©? 
Thus the initially formed dimethylaminophosphine is con- 
sumed to yield an adduct which can be formulated as the di- 
methylammonium salt of (CF,),PS . 


Reduction voOfether Ch (vubstituction frometwo s6o vone* is 


3 
also possible. Dimethylamine has been shown to react 
: : : : 76 
with (CF) ,POSi(CH3) , to give CF,P(N(CH,) 5) OSi(CH,) , 


but the synthetic possibilities of this reaction have not 
yet been fully explored since it is not known how easily 
the Coa(CHe es grouping can be removed. In this Chapter we 
compare the facile reaction of (CF) 3P0 with dimethylamine 
with the analogous reaction of (CF,) ,PS. 

Methods of increasing the trifluoromethyl substitution 
on arsines were studied in some detail by Cullen, who found 


that tetrakis (trifluoromethyl) diarsine, (CF,) ,ASAS(CF,) 5, 


acted with CEI to give (CF As and (CF,) ,AsI a and with 


Ale 
CHI to give (CF) ,ASCH, in much poorer yield. Addition of 


mercury to the latter reaction increased the yield to about 


5 


10%. Similar reactions were observed with the analogous 


diphosphine, (CF,) >PP(CF3). 24 but mercury was used only 


to remove the (CF) 5PI from the product mixture. Further 


24 24 
3) 2Ast CH,AsI,, and several 


phenyl substituted iodoarsines oe all reacted with CF 31 


studies showed that (CH 


and mercury to give trifluoromethylated arsines in varying 


yields. A similar method has been used in the synthesis 
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56 


of CF 3 (CH,) PX. A mixture of (CFP), and (CFP) repisedi loko 


BY 
phosphines prepared from the reaction of CF,PI. Borges) and 


56 


mercury, wasS reacted with CHI to give CF3(CH,)PI. A 


Ss 


recent method of increasing the CF, substitution from zero 


to one involves displacement of one of the dimethylamine 


groups in tris(dimethylamino) phosphine by CF 41 at Auten 


A second CF. group could not be substituted. 


Several experiments aimed at improving the yields 


of CF,1 and CHI additions to compounds having phosphorus- 


phosphorus bonds are reported in this Chapter. Some 


chemical studies on (CF) ,PCH one of the products of 


ce 
these reactions, have led to the identification of several 
new compounds. The hydrolysis reactions of several com- 


pounds are also included in this Chapter. 
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EXPERIMENTAL 
ie Reactions of CF 41 
(a) Wirtne (GR. py) and mercury 
cee Ya 


A mixture of (CF3P) 4 5 (05264 /,0qm752.65emmole of 
lf 


CFP) and CFI (1.0379 gm; 5.29. mmole).was shaken: for four 


3 


days with excess mercury. Fractionation of the volatile 


products yielded unreacted CF,I (0.066 gm; 0.34 mmole) 


3 
and (CF) 3P (0.6006 gm; 2.52 mmole) (95%). 


(b) With (CF) PP (CF). and mercury 


Warming (70°C) and shaking a mixture of (CF3),P, 


(0.5546 gm; 1.64 mmole) and CFI (0.6634 gm; 3.38 mmole) 


5 


for three days with excess mercury gave unreacted CF,1 
(0.0299 gm; 0.15 mmole) and (CF) 5P (087257 eqm; #3205 


mmole) (933%). 


(c) With PoI, and mercury 


A mixture of Pot, (0.7 gm; 1 mmole) and CFI (0.6640 
gm; 3.39 mmole) was heated at 150°C with excess mercury. 
After four days, the only volatile product was unreacted 


CF,1 (O,6008300m> 93.l0l mmole) containing a, trace vor (CF) 3P. 


(d) With Pot, 


A large excess of CF,1 and Pt, (0.7 gm; 1 mmole) were 
heacedetou twouddvseat 200°C. smiractitonetion OL tieavolatiie 
products yielded only a small amount of trifluoromethyl 


substituted products and unreacted CFI. 
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2 Reactions of CH,1 


(a) With (CFP) and mercury 


4,5 
Shaking a mixture of (CFP), 5 (0.545 gm; 5.45 mmole 
lA 


of CFP) and CH,I (1.5448 gm; 10.88 mmole) with excess mer- 


=) 
cury for two days gave 0.2174 gm of a mixture of (CF) P 


(16%), (CF PCH, (84%) and a trace of what is probably 


3)2 3 
CFP (CH,) 5 as volatile products. As well, large amounts 


of green solid remained in the reaction vessel. 


(b) With (CF,),PP(CF,), and mercury 


After reacting for three days at 150°C, a mixture of 


(CF) 4P, (0f3783) om; "1F!2 mmole) *and*cHsl=(0s35744gm; 2252 


3 


mmole) and excess mercury gave as volatile products unreact- 


ed CH,1 (0.0041 gm; 0.02 mmole) and (CF) PCH, (0.4067 gm; 


2.21 mmole) containing small amounts of (CF) 3P and probably 
CFP (CH,).- 


The 195, nmr spectrum of a solution of (CF) PCH in 


3 
CFC1. showed a doublet of quartets (O, = 58.2 ppm, NS = 
76,20 HZ; i ee = 0.2 Hz) while the 1h spectrum consisted of 
avdoublee-(178 2437 oe = 4.5 Hz) with an unresolved proton 


to fluorine coupling. The nmr spectral parameters for the 


material thought to be (CF,)P(CH,) 5 were: on = 65.1, 


2 = 2 3 ; 
Jap = O5nHZy tees / oF Jip otek. Leb hs 


The mass spectrum of (CF) ,PCH, showed a parent ion 


peak (Found: m/e = 183.9860, calc. Lon CHF P: m/e = 


183.9860). All other peaks were assignable to fragmentation 
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products of (CF) ,PCH and no peak corresponding to m/e 


3 
PS0Rror CFP (CH,), was detected. 


(c) With (CF3),PP(CF,). 


After two days at 150°C a mixture of (CF,) 4P, 


(022335 gm; 0.69 mmole) and CHI (0.1005 gm; 0.708 mmole) 


3 


gave a inseparable mixture of CH.I, (CF,) PI and (CF,) PCH 


3 ety 


Bh Reactions of (CF) ,PCH, 


(a) With sulfur 


Heating (CF) ,PCH (0.404 gm, 2.19 mmole) with excess 


3 


sulfur for three days at 150°C gave a mixture of 


(CP3) ,P(S) CH, and (CF) ,PCH (0.2965 gm) as the only vola- 


3 
tile products. Repeated fractionations yielded pure 


(CF) ,P(S) CH (0.1381 gm; 0.64 mmole) and a mixture con- 


5) 


CaLningeprencipally (CF) PCH with some (CF) .P(S)CH 


3 3 


(0.1584 gm by difference). 


19 


The nmr spectrum of a solution of (CF,) ,P(S) CH 


ay CFCl, showed a doublet of quartets (op = J/l.2 ppm, 


Z 7 4 he ; H a 
Jap at Me Ae eis ea Jory = 0.8 Hz) while the “H spectrum con 
9 


sisted of a doublet of septets (T 7.82; Jup = Lac ose; 


Jug Sa MOATe) Velva) 
The mass spectrum of (CF,) ,P(S)CH, showed a parent 
ion peak (Found m/e = 215.9594; calc. for C,H FPS: m/e = 
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134. 
(b) With dimethylamine 


After twelve days at 195°C, dimethylamine (0.1376 


gm; 3.06 mmole) displaced a small amount of CF 4H from 


(CF) ,PCH, (0.2702 gm; 1.47 mmole) to give a mixture of un- 


reacted starting materials (0.3908 gm) and a trace of 
material thought to be CFP (CH) N(CH.) 5 (0,0072> gm) ~char= 


acterized only by infrared spectroscopy. 


(c) With chlorine 


A mixture of (CF PCH. §(022082 gm; -1.13 mmole) and 


3)2 3 
chlorine (0.0792 gm; 1.12 mmole) was allowed to warm slowly 


to room temperature. The crude reaction product was found 


EOsecontdal n (cE PCH. (10%) and (CF) 5P(CH,)C1, (90%). After 


3)2 3 
fractionation pure (CF) .P(CH,)Cl, (0.2363 gm; 0.925 mmole) 


was obtained whose nmr parameters were determined (O, = 


2 = : . 2 ic 
Ve jos Jap ad WS Rhos (ea by pee fa ke Jup = ell uz) 


(d) Alkaline hydrolysis 


A sample of (CF PCH. (0.1459 ome) 02793 mmole); was 


ay oes 

combined with an excess of a 20% solution of NaOH in water 
and shaken for 12 hours at 25°C. The reaction had not gone 
to completion under these conditions so the mixture was 
recombined and heated for 4 days at 70°C. The only volatile 


product was CF_H (0.1098 gm; 1.569 mole: requirea for 


fe: 
hydrolysis of two CF, groups = 1.586 mmole). 


The aqueous solution was analysed by nmr spectros- 


: - : 2 “ 
copy and found to contain the CH, (H) PO, anion ( Jip tual at Vesa ¢ bd 
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J = (5237 Ho ee = 2 Hz; 


HH 2.5) but there 


ie 
were no PF resonances. 


(e) With water 


A mixture consisting of (CF) ,PCH (06144 7aqm- 


3 


0.786 mmole) and an excess of water was shaken at 25°C for 
12 hours and then heated at 70°C for 4 days. The volatile 


product was found to be only unreacted (CF) ,PCH (0.1420 


5 
gms 0.7 /2ammole). 


4. Reactions of (CF,) 5P(S)CH, 
(a) Alkaline hydrolysis 


A mixture of (CF) ,P(S) CH (O239 /eGm eel ul emo fe) 


S| 


and an excess of a 20% solution of NaOH in water was heated 
at 70°C for ten days. The volatile product was found to 


bespure CRAs (051523..9m; 2.19 mmoles required ior 2 0cr 


3 5 
groups = 2.22 mmole). The aqueous solution was analysed 


by nmr spectroscopy and found to have a ty Spectrum con- 


sisting of two singlets CUS eke 22) 7. Tie es nmr 


spectrum contained no signals. 


(b) With water 


A mixture of (CF,)P(S)CH (O22326egm; 28208 mmole) 


3 
and an excess of water was heated for 10 days at 70°C. The 
volatile products were Foun to, be vas igen 0 ..LO9S som )moL 
CF,H and HAS by infrared spectroscopy. Removal of the HS 
with a Pb (OAc) 5 solution gave CF 4H (0.074 gm; 1.06 mmole) 
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as the only volatile product. The amount of HS present 
(0.0353 gm; 1.04 mmole) was determined by difference. The 
aqueous solution was analyzed by nmr spectroscopy. The 

1s spectrum was found to consist of a doublet (Jp =o Ns Weew 
t 8.55) as did the ~°F spectrum (Jnp = 93, 6 = 76.8 ppm). 
These values are consistent with those which would be 


expected for CF3 (CH) PO. é 


5s Fluorination of (CF,) >P(CH,)Cl, with SbF, 
Pure (CF,) ,P(CH,)Cl, (0.2363 gm; 0.925 mmole) was 
combined with an excess of SbF, and allowed to react at 


25°C for two days ina sealed tube. The volatile products 


(0.1688 gm) were analyzed by nmr spectroscopy and found to 
1 2 


contain (CF,) ,P(CH,)F, (303) a Jap = 830 Hz, Jap a Moy ms = AM 
3 - » , 4 2 E 
Jap =) ALY liver dp = 44.6 ppm; en = 66.5 ppm; Jip Lons 

5 cae 5 2 2 = 
ize Jur = AM I) USA Tease py ccinlel (CF) ,P (0) CH, C703)> 1 Jap 

2 x 4 ies ; 

DOORH Zz: bp = 71.7 ppm, Jup = US) dsr, Jup SOR ay ape) eet, OAS i 
6. Reaction of (CF,) PS with (CH) .NH 


A mixture of (CF,) PS (0.2917 gm; 1.04 mmole) and 
(CH) ,NH (0.0447 gm; 0.99 mmole) was reacted for 20 hr at 
25°C. Fractionation of the volatile products gave 
(CF,) ,P(S)N(CH3) 5 (0.2479 gm; 1.02 mmole) and CF 4H CO). 057.59 


gm; 1.08 mmole). 
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Le Reactions of (CF,),PSP(CF,), 
(a) Alkaline hydrolysis 


A mixture of (CF PSP(CF3) 5 (0.2774 gm; 0.750 mmole) 


3) 2 
and an excess of a 20% solution of NaOH in water was shaken 


rOl@iceiied leo cree nesOnLyavOlati le productawas CF ,H 


(0.2087 gm; 2.98 mmole; required for hydrolysis of 4 CF, 
groups = 3.00 mmole). The os mmr spectrum of the aqueous 


solution consisted of two sets of doublets (J =o 7 nie, 


HE 


mele 45. Jup = 662.5 Hz; t 2.45). These are assigned to 


HPO,” and HP(S)O,_ respectively. The solution gave a 


positive test for sulfide ion on addition of sodium 


: , 19 
nitroprusside. There were no F nmr resonances. 


(b) Neutral hydrolysis 
The reaction of (CF) ,PSP(CF3) 5 COR / 592m a0 2425 


mmole) with an excess of water gave CFH and HS as volatile 


products (0.1443 gm; required for 4 CF, groups and HS = 


0.1490 gm). The aqueous solution showed no 195 nmr spect- 


rum but had a 1h resonance which consisted of a simple 


doublet (Jip =BOWi2e Dp ioe 7 el hat vse Cconsistentewzcoetne 


spectrum expected for H,PO,. 


bes 


(c) Acid hydrolysis 
A mixture of (CF,) ,PSP(CF3) , (0.2932 gm; 0.792 mmole) 


THEA ReXCeSSROLUa OS aSOLULIOn On H5SO, in water was heated 


ate OCC pore LOpdays. eat nenvOlatilesprocuctss (0-1 809s qm)—s were 


found to be a mixture of CF,H and HS, whose gas phase molec- 


5 2 
ular weight was 65.7. The amounts of the two compounds pre- 
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sent were calculated from the molecular weight and the total 
weight of the sample. (CPH Seca Ss CamMMNOLe; HS 2053596 
mmole). The oer nmr spectrum of the aqueous solution con- 
sisted. of a doublet of doublets (Top == LOOP HMZi, =e 4 zy 

¢ = 77.1 ppm; 45%) and three sets of doublets (J = 93 Hz; 
Of=—/2.J/9 pp; o9¢; J = o2 Zz; 0e—872.4 ppm; oss, 0 = 90 HZ 

d = 74.4 ppm; 7%). The ly nmr spectrum was a simple doub- 
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8. Reactions of (CF,),POP(CF,), 
(a) Alkaline hydrolysis 

A pure sample of (CF) ,POP(CF,)., (0.2064 gm; 0.584 
mmole) was shaken for 12 hr with an excess of a 20% solution 


of NaOH in water. the only volatile product recovered was 


CF 4H (0.1624 gm; 2.32 mmole; required for hydrolysis of 4 


CF, groups = 2.34 mmole). The aqueous solution was found 
LOncontainsonly HEOon by nmr spectroscopy Chis ar Whats pai sy An 
19 


1ae2 4) 0) aa NO F resonances were observed. 


(b) Neutral hydrolysis 
Arters4 dayseat) 70°C) the shycrolysiseot ans aqueous @soi] 


ution of (CF) ,POP(CF3) , (O0e19125Gm>..0.540 mole) was 2n— 
complete. Further heating for 7 days gave CF,H (0.1469 gm; 
2.10 mmole: required for hydrolysis of 4 CF. groups = 2.16 
mmole) as the only volatile product. The me nmr spectrum 


of the aqueous solution indicated the presence of only 
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3P0, (+5 ae OWE) SAIS perc Ws Ne) 195, nmr Signals were 


observed. 


: HP 


(c) Acid hydrolysis 

Afters 50 dayseat 25°C,sa solutionoL (CF) ,POP(CF3) 5 
(0.2420 gm; 0.684 mmole) in 25% aqueous H,SO, gave CF 4H 
(COST27679gm-s 1.925 mmole) tassthe only volatilesproduct. | An 
off-white to yellow colored solid was also formed which 
had the physical appearance of elemental sulfur. It was 
soluble in CS, andemel ted at 7l15°C(rhombscegS om.p.9 Li2. 3; 
monocliniceSemip.0119)'. RerThe me mmr spectrum of the aqueous 
hydrolysate consisted of a doublet io =e OMe ee te pe 3) 
The 19, nmr spectrum was also a doublet (aaa = 115 Hz; 


op = 74.3 ppm). 
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RESULTS AND DISCUSSION 


The previously observed reactions of dimethylamine 


74 75 


with (CF and (CF) ,PO which eliminated one equiv- 


wae 
alent of fluoroform and gave the appropriate dimethylamino 
substituted compound has now been extended to include 

(CF) PS. All three of these compounds react according to 


equation 17 with both the oxygen and sulfur substituted 


E 


2 


— 
(CF.),PE + (CH,).NH ——» (CP ae 


3)2 
N (CH., ) 
Z 
3 (17) 
i =a oy OG Nothing. 


compounds reacting rapidly and quantitatively. This method 
provides a convenient route to the bis(trifluoromethyl1) - 
phosphoryl and thiophosphoryl compounds and allows the re- 
duction of the CF. substitution on phosphorus from three 
to two. 

The early work of Cullen showed that tetrakis (trifluoro- 
methyl)diphosphine reacted with CF 


3 
Cink Since it was well known that the latter product 


I to give (CF) 3P and 


is coupled by mercury to give the diphosphine starting 
material 2 mercury was added to the initial reaction mix- 
ture. This resulted in a 93% yield of (CF,) 3P. Awsivently 
higher yield of (CF) 4P was obtained when (CF3P)4 5 was 
shaken with CF.I and mercury. This allowed the facile 


5) 


expansion of the CF, substitution on phosphorus from 


3 


either one or two to three and suggested the possibility of 
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25 
ot4: 
of (CF) 4P and no other trifluoromethylated phosphorus com- 


an analogous reaction with P Only very small amounts 


pounds were obtained by this method although quite vigorous 
conditions were employed. Repeating the reaction with no 
mercury present and at a higher temperature similarly gave 
only trace amounts of trifluoromethylated phosphines and it 


is likely that in both experiments decomposition of Pot, 


to elemental phosphorus and iodine led to the well known 


addition of CFI to phosphorus. > 


Methyl iodide reacted with (CF) ,PP(CF,), in the 
presence of mercury to give, almost quantitatively, 


(CF,) PCH, which was contaminated by small amounts of 


(CF P and CFP (CH) 5. The analogous reaction with 


ae 


(CFP) gave only a trace of the expected CF,P(CH,).. 


4,5 
The major products, although obtained in low yields, were 
(CF) 4P and (CF) ,PCH,. These almost certainly result 
from disproportionation of the initially formed CFP (CH,) 5 
and this suggests that the two major products are more 
thermally stable than the expected one. Subsequent to this 
investigation it was found that CHoI, reacted with the 
diphosphine in the presence of mercury to give 
(CF,) ,PCH,P(CF3)5-°° 

The recently observed reaction of (CF) 3P with di- 
methylamine to give (CF) 5PN(CH3) 5 suggested the poss- 
ibility of such behaviour with (CF) 5PCH,- This reaction 


unfortunately did not occur; however, reaction with. sulfur 


. 
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produced the new species (CF) ,P(S) CH, by analogy with 


10 


Similar reactions of (CF) ,PX (X =F, N(CH) Emly 


gies 


This new compound was characterized by its nmr spectrum 


which showed a doublet of quartets in the ras region 


— . 2 = e 4 _ 
(>, 71%. 2 ppm: Jap = 96.9 Hz; Jou = 0.8 Hz) anda 
doublet of septets in the ly region (t weaz: ies = 14.85 
elvan a = 0.8 Hz), from precise measurement of the parent 


HF 


peak in its mass spectrum (obs. m/e = 215.9594; calc for 


CHF P = 215.9597) and from its behaviour on alkaline 
and neutral hydrolysis. Rather surprisingly, the new 
compound yielded 2 equivalents of fluoroform on alkaline 
hydrolysis. This would be expected if the central phos- 
arene atom was trivalent; however, only one equivalent is 
predicted for pentavalent species if the behaviour of pre- 
viously reported (CF) 5P(S)X compounds is ment oe 

The anionic species which remained in solution were not 
conclusively identified but their 60 MHz ly nmr spectrui 
was found to consist of two singlets located at tT 7.96 and 
Toei These tay@in fact be yva doublet centredtate psc. 05 
withecoupling 13 Hz halr or gwhicht 1s obscured) bys assinglet 
at t 7.96. This doublet would then have nmr parameters 
consistent with an anion having a methyl group attached to 
phosphorus. A similar deviation from empirical prediction 
was observed in the neutral’ hydrolysis of this compound. 


Although removal of CF, groups was not expected under 


3 
neutral hydrolysis conditions in keeping with the behaviour 
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1.23. 
of other (CF,)5P(S)x compounds, one equivalent of CFH and 


one equivalent of HS were isolated as volatile products. 


2 


The aqueous solution remaining in the reaction tube con- 


tained a species whose nmr parameters were consistent with 


2° 
The nmr parameters of (CF,) ,P(S)CH, clearly indicate 


those expected for CF 3 (CH) PO 


that (CF) .P(S)CH, is different from the previously synthe- 
Sized trivalent isomer (CF) ,PSCH, a (>, = 56.7 ppm; 

2 = : . 3 a 

Jap Shorey (bap ee Take Jp = 15.5). The greater than 


expected yield of CF.,H on hydrolysis of (CF,) ,P(S) CH, may 


3 
be explained by a water catalysed rearrangement to the tri- 


valent form similar to the behaviour previously observed 


in the attempted synthesis of (CF P(O)H.” The trivalent 


3)2 
compound then may hydrolyse in the expected fashion to 


yield 2 CF,H equivalents under alkaline conditions and one 


5 


equivalent under neutral conditions. 
The reaction of trifluoromethyl phosphines with halo- 


gens results in the formation of five-coordinate phosphor- 


S21 OU 


anes. (CF) PCH reacts quickly and exothermically 


| 
with chlorine to give (CF,) ,P(CH,) Cl, which was identified 


from its room temperature nmr parameters (o, = 79.7 ppm; 


ee = 134 Hz; 1, 7.94; aoa = 11 Hz). This compound was 
Sea | 


readily fluorinated by SbF, to give (CF,) oP (CH3)F, ( toe = 


2 i oS a Ns : 2 
SS0SHZy Jap =e Omi Zi Jor et BYE Ge hedy) oF 44.6 ppm; ek 


2 = ° = ° 
66.5 ppm; Jip =p Alicia; sy Malay Sup Is oP Ms eal TH One Oo) sas 
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well, due to traces of moisture in the fluorinating agent, 


(CF P(O)CH, was formed. The dichloro compound is under 


3)2 ) 
study at this time in an attempt to analyse its low tem- 
perature nmr spectra which may show the results of slowing 


me which may average 


the rate of pseudorotational exchange 
the equatorial and axial coordination sites in these tri- 
gonal bipyramidal molecules. 

An example of the hindering effect of electropositive 
groups on the rate of hydrolysis of trifluoromethylated 
3) 2PCH3 which had to be heated 


ate /0°Ceror 4 days -to-drive the reaction in 203 aqueous 


phosphines is given by (CF 


NaOH to completion. This behaviour is different from that 


of the two diphosphorus compounds containing pRuee 


33 32 


(CF) ,POP (CF and (CF,) ,PSP(CF 3), which reacted 


3)2 
immediately on contact with the alkaline solution. The 
methyl substituted phosphine did, however, give a quan- 
titative yield of fluoroform with both trifluoromethyl 
groups being removed, similar to the behaviour of 
(CF) 5P(S)CH,. The phosphorus containing anion which re- 
mained in solution gave an nmr spectrum consistent with 
that expected for CHO H) EO De. The compound, (CF) PCH,, 
which was expected to lose one CF, moiety on neutral 
hydrolysis was unear. ected alter 4edaycrate, 0 Ce 

Both (CF,) ,PSP(CF3) , and (CF,),POP(CF,), evolved 4 
equivalents of fluoroform on alkaline hydrolysis. The 


aqueous solution remaining after hydrolysis of the former 
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compound showed the presence of sulfide ion as determined 


by the sodium nitroprusside test as well as Bins and 


HPSO.. as determined by nmr spectroscopy. The oxygen 


bridged compound gave only HPO, in the hydrolysate. The 


identification of these anions by this method is open to 


some criticism since an authentic sample of H,P0, showed 


large variations in both coupling and chemical shift para- 


meters of the proton bound directly to phosphorus as the 


pH was varied. This would presumably be true for the HPSO, 


anion as well. 
Neutral hydrolysis gave, rather unexpectedly, 4 


equivalents of fluoroform and 1 equivalent of HS from one 


mole of (CF,) ,PSP(CF,), and 4 equivalents of fluoroform 


from one mole of (CF POP (CF) 5. The only anionic species 


3) 2 
remaining in either solution was identified as HPO... The 


sulfur bridged compound yielded 3 equivalents of CF 4H and 


Oppo requivalent of H,S on hydrolysis by an aqueous solution 


acidified with H,SO,- The nmr spectrum of the hydrolysate 
did not permit identification of any phosphorus containing 
species present but did indicate that one of them contained 
a CF. group bound to phosphorus. The oxygen bridged com- 
pound on acid hydrolysis gave less than 3 equivalents of 
fluoroform although allowed to react for an extended period. 
The phosphorus containing species remaining in solution 


were not identified but the nmr spectrum again indicates 


the presence of a species containing CF, bound to phosphorus 
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with different parameters to those obtained from 
(CF) ,PSP (CF), hydrolysis. A totally unexpected product 
of this reaction was elemental sulfur, identified from its 


solubilityein CS sand 16s melting, point. which couldvonly 


2 
Cesult trom reduction) of thessulfuriceacia present. lt 

is clear that the acid hydrolysis of the two diphosphorus 
compounds and especially the oxygen bridged species must 


proceed by very complicated routes. 
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CHAPTER 6 


CONCLUSIONS 


The original goals of the work described in this thesis 
were twofold: (1) to elucidate the exchange mechanism in- 
volved in the so-called mixed valence compounds, and (2) to 
develop a better synthesis of the trifluoromethylphosphine 
starting materials. 

The first of these aims has been partially fulfilled 
and several questions have been answered. It has been 
shown that an intermolecular exchange process is important 


in analysing the nmr spectra of (CF P(S)SPF, and that 


2 
P(S)SP(CF3) 5, 


3)2 
while its rate may vary, it occurs in (CF3) 5 
3)2 and FP (S) SPF, as well. Although not 

explicitly proven, it is likely that this type of exchange 


FP (S)SP (CF 


occurs in the remaining members of the series as well as 


systems of the type [XP (E)]5¥ where X = F, CF E= S, 


80 


a 
eheeiglep ei Sy ey ipstein A near thermoneutral exchange 
process between the four mixed valence compounds shown 
above has been determined, with an equilibrium constant of 
about 1. 

An nmr lineshape study is qualitatively consistent 
with an intermolecular exchange process similar to the one 
shown below, where the valence of all phosphorus atoms 
remains unchanged. The molecularity of such a process has 


not been established. Intramolecular rotational averaging 


has not been ruled out as a mechanism complementary to the 
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intermolecular one and may in fact play a role in the 
observation of very long range spin-spin ssieliatee across 
the molecule but such processes are thought to contribute 
little to the nmr spectral behaviour. 

The chemistry of the mixed valence compounds is dom- 
inated by initial cleavage of the eee bond followed in 
some cases by decomposition or further reaction of the 
products. The reaction of dimethylamine with all of the 
compounds has been shown to be quantitative and has proven 
to be a useful tool in their characterization. 

The synthesis of the ast dithiophosphinic acid, 

CF, (F) PSH has opened the door to the synthesis of several 
other mixed valence compounds and the asymmetric phosphorus 
centre which is present in these compounds has allowed the 
measurement of geminal CF,-CF, and F-F nmr coupling con- 
stants on trivalent phosphorus. Similarly, chirality in 


the trivalent species (CF.) (F)P-X, which can be observed 


3) 
as a result of aslowrate of inversion of phosphorus, has 
allowed measurement of the corresponding geminal couplings 
between species bound to a pentavalent phosphorus atom. 


Full analysis of the nmr spectra of all of these molecules 


has been achieved and the variation of their nmr coupling and 


ota oh ater mai ‘Seon nk ene 
azorss apathy aige-mige spit Ghat pees 
siudixauou Sf Sagondk? qua aseesvonty sou dud wl 
Stontiedsé Comiieye tne Site pea | 
“ith 21° witkoigust \soheher, fovtm 48% So Yate tmtip att — 
ak fowrntiod Srod a= he ons ae epavest> ftatdiel yd bedset 
eit Io no lstess =a) <0 goleteogmeeh vs esas emiow 1 
ey Bo ile aztv oaimotyiiodhe Te ginienens om? Lesocbosy 
nieory. deaf She eviszetidcsyp sd ad mee mao ast shanoqmioa 
rouge sorbed adede af (ood Idtsay 8 pd-ee 
Bios zrabddbootouitetif wee of Ye @leordtave eit ~ ahd 
fexzavse 16 ainavseye af! of wb eft Benegeo esd Haat) 89 
wimeddawla Skiterturren. sit Bes ebonoqnod sotefsv Bexta sete 7 
ena Beeelle Bat shoscensd eaedt wi dageesy ch don exinee 
<noo Yaiiquos “ir I~? Bae .TD-, To Lenkaop to teometsa5em 
gi geri Seino wy beatae saoigenig tusisvict as asnate 
Gevidede ed im ddtew S05) 48O) egtosge jnsisviad st 
cat auxcstquodg to notawssvet\ 34 efeawole 5 16 sTutex a ae 
eonéidnon Lidkosp pribaedssunes ott te jnemexwecem bawolis 
wrote, etrodqenin towlevbinsg ® od beded apinsga ane 
align pani 20 ie 30: wake aa St SEO au 


bab otikfaics wan tied? Th sgkvmtamy eft Bas Sevehied ti “a 
as | 


149. 


chemical shift parameters with varying substitution of 

the phosphorus atoms has been rationalized on the basis 

of differences in electronegativity and ™ bonding capability 
of F and CF. 

Two chiral centres in one mixed valence compound were 
obtained with the synthesis of CF, (F)P(S)SP(F)CF, and the 
compound was found to exist as an unseparated mixture of 
two racemates which could be distinguished by nmr spect- 
roscopy. Full analysis of the nmr spectra of this compound 
has not been possible due to the large number of overlapping 
lines present in the spectra. It may be possible, however, 
to solve these spectra by the use of heteronuclear de- 
coupling techniques. 

The stability of the compounds studied herein appears 
to follow the degree of fluorine substitution. As a 
general rule, the greater the fluorine substitution on phos- 
phorus, the lower the thermal stability. In the mixed 
valence compounds, when equal numbers of fluorine atoms 
are present, the compounds with the fewest fluorine atoms 
bound to trivalent phosphorus are the more stable ones. 


Thus FP (S) SP (CF is much more thermally stable than 


3) 2 


its isomer (CF P(S)SPF. and CF,(F)P(S)SP(CF3) 5 appears 


aD ee 


not to decompose at room temperature whereas 


(CF P(S)SP(F)CF, can only be preserved in the cold. It 


3)2 


also appears that fine structure in the nmr spectra is 


observed at higher temperatures for the more stable isomers. 
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Future work on these systems might encompass a more 
concerted attempt to make either one or both of the isomers 
faye CF, (F) PSH. The mixed valence compounds containing oxy- 
gen rather than sulfur may provide information about the 
importance of d-orbitals in the bonding scheme for these 
compounds Since oxygen should not have d-orbitals of low 


enough energy to participate in bonding. The reported in- 
oe ) 
2 392 


compared to their sulfur analogues seems to indicate that 


stability of FP (0) OPF and (CF3),P(0)0P(CF,) ES ys 
the mixed valence systems do rely on d-orbital interactions 
and that the oxygen analogs of the compounds reported in 
this thesis may indeed by very difficult to work with. 
While the second of the original aims has not been 
achieved, it is believed that some systematization has 
been observed in the reactions of substituted methyl 
iodides with compounds having phosphorus-phosphorus link- 
ages. It is now possible to increase the trifluoromethyl 


substitution on phosphorus from one or two to three via 


the following reaction sequences: 


CESL 
3 
CF,PI, + Hg —— (CF3P), oe (CF,) 4P (18) 
CF,1 
(CF,)5PI + Hg —— > (CF,),PP(CF3) 5 ag?” (CF3) 5P (19) 


A convenient synthesis of (CF) >PCH, has also emerged from 


this method using the second sequence but substituting 
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CHI ou CF I. Subsequent to this investigation, it was 
found that the diphosphine underwent a similar reaction with 
CHOI, to yield a methylene bridged species. The reduction 
of the CF. substitution on phosphorus from three to two by 
the addition of dimethyl amine, which was previously demon- 
strated for (CF) 3P and (CF) 3P0, has now been shown to 
occur with (CF,) PS. The only remaining conversions which 
have not yet been commonly observed are those between the 
mono- and di- CF. substituted phosphines. Future work on 
these systems might include development of a method to 
accomplish these conversions, extended studies of CH,1 


addition to the tetramer, pentamer mixture and further 


study of CHo1, adGatvons sto eP—Pebponds:. 
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